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INTRODUCTION 


In recent years, various kinds of pneumoconiosis have been reported other 
than silicosis in metal mine. We report here the difference between silicosis in 
metal mine and coal worker’s pneumoconiosis. 


Development and Progression of Pneumoconiosis 


The periphery of the bronchoalveolar system consists of the terminal bron- 
chioli, respiratory bronchioli, alveolar ducts, atrium, alveolar sacs and alveoli. 
Although the most part of the inhaled dust is expelled outside the lung, a part of 
it still remains inside the lung to accumulate more easily in the alveoli which 
project from the walls of the alveolar ducts and of the respiratory bronchioli 
rather than in the alveoli which belong to the saccular alveoli.1®) This pheno- 
menon may be due to the fact’ that the dust inhaled into the saccular alveoli 
is readily expelled together with expiratory air flow by respiratory movement 
of the lung, while the alveoli of the respiratory bronchioli are situated on a vertical 
position to the respiratory tract, so that the ventilation cannot be carried out 
sufficiently into such alveoli and the dust is apt to remain accumulated in the 
respiratory bronchioli. The dust accumulated in the respiratory bronchioli 
invades the alveolar stroma. A part of it is carried away through the lymph 
flow and induces silicotic changes in the lymph nodes of the hilum, but the re- 
mainder easily accumulates in the stroma to induce a marked thickening of the 
alveolar septa in this region, which finally fuses together, blotting out the alveolar 
lumina to form the silicotic nodules.’’*) Fig. 1 shows the process through which 
the dust accumulated in the alveoli which project from the wall of the respiratory 
bronchioli invades the stroma and forms the nodules while septal thickening is 
induced. 

. (This report was presented by T. Nakamura at the 15th General Assembly of the 


Japan Medical Congress, 1959.) 
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Fig, 1. Mechanism of dust-macule7formation. 
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In the region of the respiratory bronchioli, it should be also naturally induc- 
ed that the silicotic nodules surrounded the arterioles which run along the 
bronchial tree. Moreover, the structure of the walls of the respiratory bronchioli 
is so fragile that it is apt to be broken easily, and it is often difficult to identify 
it. The nodules are frequently formed as if they were limited to the circum- 
ference of arterioles.‘) It may be compared with primary complex in pulmonary 
tuberculosis, since the silicotic change is first formed around the walls of the re- 
spiratory bronchioli and in the hilar lymph nodes. As several silicotic nodules 
are formed in the walls of respiratory bronchioli branching out from one terminal 
bronchiolus, the nodules are getting close each other. It may be possible that 
the large nodules are formed without participation of inflammation. On the 
other hand, when the intrapulmonary lymph flow is disturbed by a development 
of the silicotic changes in the broncho-pulmonary lymph nodes, accumulation of 
dust in the lung is so much increased that the development of the silicotic change 
‘an be found not only in the periphery, but also in the wall of the bronchus and 
vessels. 


Morphological Differences between Silicosis and Coal Worker’s Pneumoconiosis 


In silicosis, the chemical action of free silica is more prevalent, while in coal 
worker’s pneumoconiosis the mechanical action of the dust is predominant. 

The more there is free silica, the clearer globular nodules are formed, but 
the less the free silica, the less increase of fibers are seen. In coal worker's 
pneumoconiosis in which the mechanical action of dust is strong, we can 
frequently observe focal emphysema, that is, a dilatation of the respiratory 
bronchioli (Table 1). 


Progressive Massive Fibrosis, Emphysematous Bullae and Emphysema 


With the development of silicosis, progressive massive fibrosis, emphyse- 
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TaBLE [. Morphological Differences between Silicosis and Pneumoconiosis 





Silicosis Pneumoconiosis 

1. Shape of nodule ; round, not Shape of nodule; irregular, radiating 
radiating to the surroundings to the surroundings 

2. Not commonly confluenting Frequently confluenting 

3. Strong tendency of fibrosis due to Poor fibrosis formation, mechanical 
chemical action action 

4. Focal emphysema (_ ) Focal emphysema (+) 

5. Intensive restrictive force to Poor restrictive force to bronchial 
bronchial wall, less deformative wall, deformative bronchitis 


bronchitis 


6. Intensive vacsular changes Poor vascular changes 





Fig. 2. Progressive massive Fig. 3. Progressive massive 
formation in silicosis. formation in pneumoconiosis. 


matous bullae, and emphysema are not uncommonly induced. In silicotic 
massive fibrosis each nodule is rather easily distinguishable (Fig. 2), but in coal 
worker’s pneumoconiosis the nodule mostly appears as diffuse fibrous con- 
solidation and each nodule cannot be distinguished (Fig. 3). The progressive 
massive fibrosis comes mostly from organization of inflamatory exudate. 
Tuberculous inflammation is the most important form of inflammation. In the 
lesion with progressive fibrosis the change of the bronchial wall is usually remar- 
kable. 
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Fig. 4. In spite of the dense distribution of silicotic 
nodules, the remaining lung tissue is kept almost normal. 
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When air is introduced into autopsied lung, we can easily distinguish em- 
hysematous bullae on the roentgenogram. The bullae are obviously different 
rom those of chronic pulmonary emphysema, because they mostly appear around 
rogressive massive fibrosis; it may be considered that the appearance of bullae 
is mainly due to the shrinking of lung tissue accompanying the formation of 
progressive massive fibrosis. 

Emphysematous changes in silicosis, are very important findings. These 
changes vary with each case and do not always run parallel to the intensity of 
silicotic change. In silicosis, even if the distribution of nodules is dense, there 
are many cases in which destruction in the remaining lung tissue is not obvious 
(Fig. 4). On the contrary, in coal worker’s pneumoconiosis, not only focal em- 
physema but also emphysematous changes are remarkable (Fig. 5, 6). 


Lung Function of Silicotic Patients from Metal Mines and Coal Mines and 

their Differences 

The case presented here was a rock-driller at Mitsuzawa copper mine (Fig. 
7, Table II). Roentgenological finidng of the lung showed grade III]. In lung 
function test RV/TLCx100 was increased slightly (45.1%), 1’VC/VCx 100 


decreased a little (64.2%), viscous resistance was within the normal range 





Fig. 7. Case I X-photograph. 
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Fig. 8. 


TABLE II. 


Case IL X-photograph. 


Case I, 


Lung Function 








Case I 


RV/TLC = 100 
MBC 

1”VC/VC x 100 
Mixing Efficiency 
Static compliance 
Viscous resistance 


‘ 


TABLE III. 


U.K. 


Case IT, 


42ys. (cupper) 


4 ( 
45.1 % 
87 L/min. 
64.2 % 
7)» ( 
12.2 Ny 


0.078 L/emH,O 
1.45 cmH,0O/L/see. 


Lung Function 





Case II 


RV/TLC x 100 
MBC 

1”VC/VC x 100 
Mixing Efficiency 
Static compliance 


Viscous resistance 


i ¥ # 





56ys. (coal) 


63.9 9 


oO 
30 L/min. 
"7 0 
47.1 a 
<4 » 0 
51.2 o 


0.106 L/emH,O 
6.05 cmH,O/L/sec. 
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(1.45 cmH,0/L/sec.) and static compliance was considerably decreased 
(0.078 L/emH,0). Namely, the lungs were inflated slightly, and moreover, they 
had become very stiff and difficult to dilate, but the resistance to ventilation was 
minimal, so that this case showed a very slight ventilatory impairment. The 
next case (Fig. 8, Table III) was a coal miner at Joban colliery. The roentgen- 
ological findings of the lung were far milder than in the former case, but of the 
lung functions, RV/TLCx 100 was considerably increased (63.99%), 1”"VC/VCx 100 
was 47.1%, showing emphysematous changes by Tiffeneau,®) and while viscous 
resistance was perceptibly increased to 6.05emH,O/L/sec., pulmonary compliance 
was not much lowered (0.106 L/emH,O). The results of the latter case were 
not much different from those of chronic pulmonary emphysema with pleural 
adhesion, showing severe ventilatory impairment. 

Why are there these discrepancies between the roentgenological finding of 
the lung and the lung function? In silicotic patients, it is not rarely difficult to 
get a dependable and objective result in using only spirography, because there 
is the problem of social security and patient’s psychological influence. A me- 
chanical function test by the intraesophageal pressure method®) is very convenient 
since it can be used without being influenced by patient’s subjective effort, but 
the method which is now being used for lung function tests are very complex and 


time-consuming, so that it seems unsuitable for a routine examination. However, 
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Fig. 9. (ec) Compliance-resistance diagram of the silicotic lung. 


as the direct writing pressure-volume diagram recorder’) devised in our laboratory 
is so simple in adjustment, pulmonary compliance, viscous resistance and. work 
of breathing can be immediately measured by pressure-volume diagram recorded 
directly. It is suitable for routine examination. 

The lung is a visco-elastic substance. The relation between the kinds of 
occupation and the value of visco-elasticity is as shown in Fig. 9. From the 
compliance-resistance diagrams showing the changes of visco-elastic properties, 
we can observe that the visco-elastic properties have each characteristic in each 
disease. The visco-elastic properties were mostly within the normal limits in 
coal miners at Joban, while they were obviously beyond normal in metal miners 
and stone cutter. The latter turn to those of the pulmonary fibrosis type, and 
become to show a tendency that the lung becomes stiff with the increase of viscous 
elasticity, and the resistance to ventilation gradually increases. In almost all 
cases the lung becomes only stiff, but the resistance scarcely increases. <A dif- 
ference between coal miners and metal miners can be clearly observed in this 
lung function test. 


Grade of Pneumoconiosis in Radiography and Pulmonary Visco-Elasticity 


In metal miner, pulmonary compliance is within the normal in the stage 
of P,, but then the disease grade progresses to P, or Ps, it usually decreases a 
little. On the contrary, in coal miners at Joban, in P; cases, pulmonary com- 
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pliance decreases slightly too, but as compared with metal miners, there are few 
vases in which the lung becomes stiff with the development of disease (Fig. 10). 
In both these groups, cases with decreased static pulmonary compliance increase 
in number, when progressive massive fibrosis can be seen on chest roentgenogram. 
This may be due to the loss of lung parenchyma and pleural adhesion both with 
the appearance of massive fibrosis and with the development of fibrosis as a whole. 

Among metal miners of P, or P., there are very few cases with increased viscous 
resistance, and in P; cases viscous resistance tends to increase, but as compared 
with the roentgenological findings of the lung, this increase is less on the average, 
and obstructive impairment is slight unless progressive massive fibrosis is present. 
On the contrary, in coal miners at Joban, with progressive massive fibrosis the 
viscous resistance considerably increases but with the development of roentgen- 
ological grade the viscous resistance does not tend to increase in parallel, while 
in the groups of P, and P, it considerably increases (Fig. 11). Accordingly, there 
are many cases with chronic obstructive impairment. In a word, pulmonary 
function impairment approximates chronic pulmonary emphysema more closely 
in the coal miners at Joban than in the metal miners. 


Next, we examined the relation between static pulmonary compliance and 


age (Fig. 12). In coal miners at Joban, there are a few cases over the age of 50 
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with low static pulmonary compliance, but in most of them the static pulmonary 
compliance considerably increases without the relation to age, while in metal 
miners in cases with decreased static pulmonary compliance the static pulmonary 
compliance usually has already decreased in their forties, and after that the static 
pulmonary compliance maintains low but steady without the relation to age. 

In the relation between viscous resistance and age, in coal miners at Joban, 
viscous resistance hardly increases by 50 years of age, but there are many cases 
in which the viscous resistance suddenly increases after 50 years (Fig. 13). In 
metal miners, however, the viscous resistance considerably increases after 40 
years, but it does not tend to increase with age. 

Considering the above described points, we find that: 

(1) In metal miners, even if roentgenological findings of the lung progress 
from P, to P,; ,there are nothing but such changes as stiffening of the lung and 
a slight difficulty to dilate come in forth decade. Obstructive impairment is 
slight. With the aging process, it cannot be observed that the lung tends to 
become stiffer and stiffer or that the resistance to ventilation increases; these 
changes have already appeared in forties, and after that these changes seem to 
be kept only at the same level. 

(2) Among coal miners of P, and P, there are few cases with the lung stif- 
fened and difficult to dilate, and viscous resistance does not easily increase, unless 


the disease develops into progressive massive fibrosis. However, it has a signi- 
ficant relation with age, and strong tendency of obstructive impairment rather 
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suddenly appears after 50 years of age. In a word, the aging process plays a 
more important role than the grade of disease determined by radiography in 
ventilatory impairment. 

(3) Therfore the discrepancy between the roentgenological findings of the 
lung and pulmonary function test is largely due to the differences of the pathology 
between in coal miners and in metal miners. In coal miners, especially, obstr- 
uctive impairment which is extremely discrepant from the roentgenological 
findings of the lung is often observed; this may be largely due to the aging process. 


Types of Ventilatory Impairment in Pneumoconiosis 


Based on the findings of many cases, the ventilatory impairment in silicosis 
is divided into the five main types, as follows : 

Group I; there are many cases where the abnormality cannot be found out 
in the routine ventilatory function tests (lung volume, spirogram, and intrapu- 
Imonary gas mixing), and in mechanical function tests viscous resistance is found 
normal but static compliance decreased (the decrease being low in some but rather 
high in other cases). In a word, this is the type of nearly pure pulmonary fibrosis, 
in which only such changes as stiffening difficulty to dilate are observed in the 
lung (Fig. 14, Table IV). 

Group II; static compliance decreases with a slight increase of viscous re- 
sistance, RV/TLCx 100 moderately increases which indicates whether gas mixing 


Type of the ven til- | 


atory impairment co adv Vv 


I"WAge x 100 Ng 


N/a a A | 
Mixing Efficiency N § | 


Static 4 N N 
Cnn 2 
Effective 4 | 1 4 
viscous (airway wt [| | ft 
resistance 
oe fsue Now | ft at 
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1 TABLE IV. 
L I Group 8.1. 47ys. (cupper) 
RV/TLC x 100 82 % | 
r MBC 114 L/min. 
i 1”VC/VC x 100 828 % 
; Mixing efficiency 95.3 % 
l Static compliance 0.119 L/cmH,O 
Airway resistance 0.18 cmH,O/L/sec. 
Lung tissue resistance 1.52 cmH,0/L/sec. 
TABLE V. 
II Group U.K. 42ys. (cupper) 
RV/TLC x 100 451 % 7 
MBC 87 L/min. 
1”VC/VC x 100 6442 % 
Mixing efficiency 22 %&% 
Static compliance 0.078 L/cmH,O 
Airway resistance 1.19 cmH,0/L/sec. 
Lung tissue resistance 0.26 cmH,0/L/sec. 
TaBLeE VI. 
III Group K.K. 36ys. (coal) 
RV/TLC x 100 nS % 
MBC E 20 L/min. 
10”VC/VC x 100 22 % 
Mixing efficiency 61.7 % 
Static compliance 0.043 L/cmH,O 
Airway resistance 10.36 cmH,O/L/sec. 
Lung tissue resistance 9.82 cmH,0/L/sec. 





is good or not; not only the lung becomes stiff but also a slight obstructive 
impairment is observed (Fig. 14., Table V). 

Group III; while static compliance considerably decreases, viscous resistance 
considerably increases. There is a notable ventilatory impairment including 
both severe obstructive and restrictive impairment. 


In the routine ventilatory 


function tests, it is observed that 1”VC/VCx100 decreases, RV/TLCx 100 
increases, mixing efficiency decreases considerably, and remarkable fibrosis of the 
lung parenchyma and the pleura together with an emphysematous change are 
observed; in this case severe obstruction of the airway and a considerable increase 
of lung tissue resistance are observable (Fig. 14, Table V1). 

Group IV; static compliance is normal, viscous resistance increases con- 
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siderably (the largest part of the increase consists in that of lung tissue resistance). 
In its appearance, the type is very alike to chronic pulmonary emphysema due 
to bronchial asthma and cannot be distinguished from chronic pulmonary em- 
physema without the findings tht the quantity of trapped air in the lung is normal 
and static compliance does not perceptibly increase (Fig. 14, Table VII). 

Group V; like in Group IV, static compliance is normal, but viscous resistance 
increases slightly. In the finding that only bronchial narrowing is mainly observed, 
it is very alike to chronic pulmonary emphysema due to chronic bronchitis, and 
with the routine ventilatory function tests, it cannot be distinguished from 
chronic pulmonary emphysema (Fig. 14, Table VIII). 


TABLE VII. 





IV Group ‘fe 56ys. (coal) 
RV/TLC x 100 63.9 % 
MBC 30 L/min. 
1”VC/VC x 100 47.1 % 
Mixing efficiency 51.2 % 
Static compliance 0.106 L/emH,0O 
Airway resistance 3.20 cmH,0/L/sec. 
Lung tissue resistance 2.85 emH,0/L/sec. 


TABLE VIII. 





V Group S.K. — 63ys. (coal) 
RV/TLC x 100 60.4 % 
MBC 28 L/min. 
1”VC/VC x 100 3638 % 
Mixing efficiency 56.9 % 
Static compliance 0.184 L/cmH,O 
Airway resistance 3.06 cmH,O/L/sec. 
Lung tissue resistance 0.10 cmH,O/L/sec. 


Other than the above 5 groups, there is another group like the so-called 
senile emphysema. In this group, the viscous resistance is normal, only the static 
compliance being increased. 

Of the above mentioned groups of ventilatory impairment, among metal 
miners Groups I and II occupy 70%, and Group IV 15%, while in coal miners at 
Joban Groups III and IV show the same frequency as Group I and II or a 
little higher rate. In metal miners, there are many. cases of slight ventilatory 
impairment, while in coal miners there are comparatively many cases resembling 
chronic pulmonary emphysema. 
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Progressive Massive Fibrosis and Ventilatory Impairment 


Generally speaking, the formation of progressive massive fibrosis is ac- 
companied by severe ventilatory impairment, but there are some cases in which 
ventilatory impairment is not associated with progressive massive fibrosis. In 
the study of the relation between the kinds of occupation and the types of 
ventilatory impairment of 50 cases, it was found that in metal miners the greater 
part was of Group I, and there were many cases of slight ventilatory impairment, 
while in coal miners the greater part belonged to Group III, and there were many 
cases of severe ventilatory impairment (Fig. 15). 

With progressive massive fibrosis, divided into those over and under 50 
years of age, in metal miners progressive massive fibrosis is observed even in 
the early age, while in coal miners it is frequent in those over 50 years of age. 
In metal miners, progressive massive fibrosis is developed considerably in the 
early age without accompanying ventilatory impairment, while in coal miners 
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Fig. 15. Relationship between the ventilatory impairment 
and the kind of the mine in PMF. 
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it is formed with ventilatory impairment, such as, chronic bronchitis in addition 
to degenerative process of the lung (Fig. 16). 


Emphysematous Change in  Pneumoconiosis and Chronic Pulmonary 
Emphysema 


In Groups I and II of ventilatory impairment, in almost all cases RV/TLC 
100 increases to 40%, 1”VC/VCx100 is nearly normal, check valve phe- 
nomenon characterized by chronic pulmonary emphysema on spirogram is not 
observed, and intra-pulmonary gas mixing is normal. In the mechanical func- 
tion tests, viscous resistance hardly increases, and static compliance rather de- 
creases; only the change which the lung is difficult to dilate is observed. In a 
word, this is just the state that moderate hyperinflation adds to pulmonary 
fibrosis. In IV and V group, the increase of RV/TLCXx100, the decrease of 
1”VC/VCx 100, the severe impairment of intra-pulmonary gas mixing, the.con- 
siderable increase of viscous resistance, and the appearance of check valve 
phenomenon can not be distinguished from these symptoms of chronic pulmonary 
emphysema but the facts that static compliance is low and the trapped air in the 


TaBLeE IX. Difference of the ventilatory function between 
silicosis and chronic pulmonary emphysema 





Chronic pulmonary 
emphysema due to 


Silicosis 


| Group Group Chronic Bronchial 

| Ln V.YV bronchitis asthma 
‘Total lung capacity (L) 5.53 6.37 7.63 6.10 
RV/TLC x 100 (%) 38.5 57.2 59.8 62.5 
1’VC/VC x 100 (%) 74.0 37.6 46.3 37.1 
MBC (L/min.) 94 31 38 33 
Check valve phenomenon (-) (4 (44) (4H) 


on spirogram 


TaBLE X. Difference of the ventilatory function between 
silicosis and chronic pulmonary emphysema 





Chronic pulmonary 
emphysema due to 


- “Chronic " Beonchiel 


Silicosis 


Group Group 


I, 1 \V, V | bronchitis asthma 
Trapped air in the lung (L) 0.21 -0.15 1.13 1.17 
Static compliance (L/emH,0) 0.119 0.144 0.254 0.252 
o | 
2° | Air way resistance . 9< > x 999 
55 | (cmH,0/L/sec.) 0.96 3.34 2.59 2.92 
33-2 | Lung tissue resistance 0.53 1.97 0.59 4.39 
ae (cmH,0/L/sec.) 
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lung does not increase are the features which could be differentiated from chronic 
pulmonary emphysema (Table IX, X). 


Mechanism of Ventilatory Impairment in Silicosis and Coal Worker's Pneu- 
moconiosis 


The main change in the lung especially concerned with lung function in silico- 
sis and pneumoconiosis may be due to pulmonary fibrosis, bronchitis, or em- 
physema. 

Now, the mechanism of ventilatory impairment will be considered. 

1) The Change in Respiratory Bronchioli and its Significance 

The peripheral part of the bronchus is branched into the respiratory 
bronchioli, alveolar ducts and alveolar sacs through the peripheral terminal bron- 
chioli. The smooth muscles exist in down to the alveolar duct, but not to 
the alveolar sacs. The smooth muscles in the alveolar ducts, however, are 
closely joined with the elastic fibres of the alveolar wall so that the respiratory 
bronchioli and the alveolar ducts anatomically belong to canal system while they 
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Fig. 17. Myo-elastic system of the alveolar duct and 
respiratory bronchiolus. 
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Fig. 18. The smooth muscles and the elastic fibres are 
broken up with the accmulation of dust. 
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are functionally equal to the alveoli of the alveolar sacs. Accordingly, whe: 


multiple nodules are formed in the respiratory bronchioli, the lung becomes 
difficult to dilate in the respiratory bronchioli. 

Expiration is performed by the retraction of the lung itself. As the Figur 
17 shows, the myo-elastic system is very important for this retraction. When 
the smooth muscle and elastic fibres are broken up with the accumulation of 
dust (Fig. 18), the connection between the smooth muscle and elastic fibers are 
cut off, the contraction of the lung is impaired, the increase of air way resistance 
and the tissue resistance is resulted, and as a result, the lung comes to suffer 
hyperinflation. 

2) Silicotic and Coal Worker's Pneumoconioite Change and Bronchial 

Wall Lesion 

The bronchial wall lesion with silicotic and pneumoconiotic change is mostly 
limited to the bronchial outer layer and is nothing but a constrictive change. 
This change is slight in coal worker's pneumoconiosis. 

This is consistent with the fact that the increase of viscous resistance and 
RV/TLC x 100 are slight, even if a stiffening is observed in the lung with the de- 
velopment of silicosis. 

All the functional impairments due to pulmonary fibrosis belong to the type 
of ventilatory impairment as seen in Groups I and II, but such severe impairments 
as observed in Groups II, III and IV are hard to explain. 

3) The Significance of Infection for the Mechanism of Pulmonary 





Impairment 








Fig. 19. Case I Fig. 20. Case I 
Nodular distribution is almost Bronchogram shows normal figure. 


equal to Case II. 
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Fig. 21. Case II Fig. 22. Case II 
Bronchogram suggests the 
complicated bronchitis. 


In those two roentgenograms (Fig. 19, 21), although the nodular distribution 
is almost equal but the bronchograms of the two cases (Fig. 20, 22) are entirely 
different from each other; on the rorentgenograms of case 2, complicated bron- 
chitis can be noticed, by bronchogram and it can be perceived that this is a very 
important factor for the mechanism of pulmonary impairment. 

Comparing the change in the wall of respiratory bronchiole in pneumoconio- 
sis with that in silicosis, in the former, the wall is mainly weakened by mechanical 
destruction due to dust and then dilation, that is focal emphysema, is caused in 
the lumen, while in the latter the structure of wall is firmly settled by fibrosis 
and the lumen is nearly preserved. 

Pneumoconiosis takes a longer time in developing than silicosis because of 
its sheer mechanical action. Asa result of a long period of work, the colliers are 
subject to the effects of various factor in the pit-dust, humidity, temperature and 
gas-extending over many years, and moreover, chronic bronchitis is apt to cause 
degenerative process in the lung, while complication of inflammation promotes 
massive formation of conglomeration and induces pleural adhesion, the so-called 
deformative bronchitis and bronchiolitis. The change of wall of respiratory 
bronchioli in coal-miners is more apt to assimilate chronic pulmonary emphysema 
rather than in silicosis. Its development in silicosis is more rapid than in coal- 
miners pneumoconiosis. Complicated tuberculosis promotes this development. 
The transition to compensatory emphysema is more conspicuous than that to 


chronic pulmonary emphysema particularly when a shrinking of the lung due to 


progressive massive fibrosis occurs. This is inferred from the fact that the 
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destruction in the remaining lung tissue is slight. In some cases, silicosis may 
transform into chronic pulmonary emphysema after exposing for a long period 
to the dust and in old age. 

The above applies in the comparison between silicosis with much free silica 
and pneumoconiosis with less free silica. In general, it is probable that pneumo- 
coniosis including silicosis is so complicated by combination of the various proces- 
ses ranging between such opposite types as fibrosis and emphysema. 

Accordingly I.P.P.B. and Prednisolone which are now being used for the 
treatment of pulmonary function impairment may be only little effective for 
obstructive impairment due to pneumoconiosis. The fact that subjective 
symptoms, especially dyspnea, are improved by their use may be partially due 
to psychological effects. 


Silico-tuberculosis 


When silicosis is complicated with tuberculosis, nodulation is modified, 
nodules come to form massive fibrosis, occasionally silicosis is developed rapidly, 
and the lung function is more disturbed. Therefore in silicotic cases, the infection 
is of very significant. Among the infectious diseases, tuberculosis has been much 
attended to since olden times, but its diagnosis is usually difficult. It is very 
noticeable that without progressive massive fibrosis the lung function remains 
unexpectedly unimpaired. 

Why can silicosis be the disposition for tuberculosis? It is as follows; the 
impairment of lung tissue by presence of free silica can be suitable bed for 
tuberculous infection, a reactivation of old healed tuberculous foci is apt to be 
vaused, and phagocytes which have taken free silica are powerless in pro- 
tection against tubercle bacilli. In foreign countries exogenous reinfection of 
tuberculous bacilli in silicosis has drawn much attention, but in our cases, the 


disease was always endogenous reinfection. 
Types of Tuberculosis Complicated with Pneumoconiosis 


Tuberculous foci in the lung are more or less affected by free silica in the 
lung although the grade of affection varys with each case. The following 3 types 
of such foci may be deduced from roentgenological findings of the lung. 

1) the type similar to adult type tuberculosis 

2) so-called ‘‘soft nodulation’ 

3) progerssive massive fibrosis 

In our experiments, 1) has been observed before the appearance of silicosis; and 
it seems adult type tuberculosis in appearance, but actually it is affected with 
free silica in the lung according to the degree of silicosis so that it resists more to 
antibiotics than tuberculosis without silicosis. This type is less frequent in coal 
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liners than in metal miners. About 2) has been already reported partly by 
endergrass,*’ Gardner et al.®). Here tuberculosis may be noted in most cases, 
yut there are also some cases in which it is caused by non-tuberculous infection. 

A few cases are shown as follows : 

Case 1. Roentgenological finidng of the lung was nearly P, in October, 1951, 
ind bilateral tuberculous infiltration was observed at infraclavicular region. In 
1953, coarse nodules began to appear in the upper lung field and came down 
gradually to be disseminated over the upper and the mid lung field. Besides, 
progressive massive fibrosis was formed by conglamerating soft nodules (July, 
1956). During this periods, sputum was always negative for tubercle bacilli. 

Case 2. Comparatively gross nodules were found disseminated in the lung in 
August, 1954. In about 15 months, nodules, clearly different in the tempo of 
the development of nodules and their properties from that of silicosis of metal 
miners at Hosokura, came to be disseminated densely in the lung when the sputum 
becomes positive for tubercle bacilli. Although antituberculous therapy was 
applied immediately, the roentgenological finding of the lung got worse as ever. 

Case 3. Roentgenological finding of the lung was P, or P,, and soft and small 
bilateral tuberculous infiltration was observed infraclavicularly in July, 1952. 
In about 14 months, nodules were disseminated densely over the lung, and 
moreover, the first tendency of formation of progressive massive fibrosis was 
observed in May, 1954. Although antituberculous therapy had been administered 
since 1953, it was proved ineffective. The sputum was always negative for 
tubercle bacilli. The disease developed as if it were acute silicosis. 
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Fig. 23. Case IV, October, 1955 Fig. 24. Case IV, January, 1956 
Disseminated nodules in the right lung grow denser 


in the following 3 monthes, 
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Fig. 25. Silicotic granulation tissue which 


surrounds the tuberculous foci. 
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Fig. 26. Caseous foci among those appearing to be 
massive foci of silicotic nodules. (Silver staining) 


Case 4. A big cavity was observed in the left upper lung in October, 1955. 
The gross nodules which had been observed to be evenly disseminated in the 
right lung denser and denser in the following 3 months (Fig. 23, 24). It was con- 
firmed by autopsy that his disseminated foci were characteristic coarse nodules 
of silicotuberculosis. , 

As pointed out in the above cases, the disseminated infiltration due to the 
so-called soft nodulation appears morphologically as silicotic granulations tissue 
which surround the tuberculous foci (Fig. 25). 

Among those which look like massive foci of silicotie nodules, occasionally 
there are foci remaining partly caseous (Fig. 26). Therefore, such silico- 
tuberculous lesions may form the above characteristic nodules and this develo- 
pment may be neither in silicosis or tuberculosis (respectively). 

From such roentgenological and clinical findings of the lung, it may be de- 
duced that this so-called soft nodulation is very similar to silicotic nodules. The 
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nodular shadows are gross, and at first not very dense; their borders are irregular; 
that are disseminated partially or widely in the lung, and especially they tend to be 
dense in both the upper and the middle fields of the lung. Sometimes they ap- 
pear radially distributed from the hilar region and sometimes from a distinct 
tuberculous focus as bronchogenic dissemination. Sometimes again, they are 
disseminated over one or both of the lungs very widely, densely and rapidly, 
and sometimes they are slowly and locally disseminated in a part of the lung, 
gradually and repeatedly widening their extents and increasing in density. The 
case showing repeated apicocaudal development could be diagnosed as tuber- 
culous, but it was difficult to detect tubercle bacilli. When such nodules in- 
crease in number, a part of them may become progressive massive fibrosis to 
form cavitation, while shrinking is caused, the emphysematous change is intensi- 
fied, and the pulmonary function is considerably impaired. 

The appearance of progressive massive fibrosis is characteristic to pneumo- 
coniosis, not always but usually being due to silico-tuberculosis. 

Progressive massive fibrosis in the upper lung, the appearance as lateral 
pleural thickening, solitary mass, trabeculation and besides admixture of them 
were observed (Fig. 27). In the diagnosis by bronchography, the lesions in 
Segment 1, 2, 4 and 6 in the left side; this is consistent with the case of 
reactivation of tuberculosis. 


4b pleurak mass solitary mass trabeculation 
38 24 9 
544% J3.24 12.4% 


Fig. 27. Type of the progressive massive formation. (71 Case) 


As the conditions which give suspicion of tuberculous infection, we may 
enumerate : 1) sputum is positive for tubercle bacilli (14 cases out of our 71 cases, 
19.7%), 2) cavitation is observed (21%), 3) distinct tuberculous foci has been 
formerly observed (26.8%), 4) such tuberculous foci had been due to con- 
glomeration of so-called soft nodulation (14.1%), 5) a change in the lesion due 
to tuberculous drugs is observed (11.3°/), and 6) shrinking is strong, and ipsilateral 
displacement of the trachea, toxic symptoms or acceleration or fluctuation of 
blood cell sedimentation rate is observed (2.8%). Tuberculosis was suspected 
in about a half of all our cases and among them the sputum was positive for 


tubercle bacilli in 14 cases. The prognosis of the cases with symptoms of 
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tuberculous infection was more unfavourable than that of the cases without the 
symptoms. 


Chemotherapy for Silico-Tuberculosis 


The milder the tuberculosis is, the more effective the chemotherapy for 
silico-tuberculosis is. The effect of chemotherapy for silico-tuberculosis is very 
limited, as we can understand from the morphological findings. However, com- 
pared with the group without chemotherapy the change for the worse is less 
frequent and even some slight improvement is observed in the chemotherapeutic 
group. Cavities do not disappear, even though they become smaller. The 
sputum is more difficult to become negative for tubercle bacilli than in more 
tuberculosis. The fact that the sputum becomes negative for tubercle bacilli 
is not paralleled with the roentgenological fingings of the lung. There are 
overwhelmingly many cases of getting worse in which sputumis always positive 
under chemotherapy. Especially when drug-resistant bacilli appear, there are 
many cases of death in short time. When culture is positive for tubercle bacilli, 
sputum can become negative rather rapidly. Some cases in which sputum is 
negative for tubercle bacilli often get worse than the cases in which sputum is 
positive in culture, because chemotherapy is hesitated. Therefore it is desirable 
that chemotherapy is given at once whenever complicated tuberculosis is 
suspected. Moreover, with the case of P, or P,, and with the case in which 
tuberculous foci is limited between the 1-2 ribs, surgical therapy has to be given, 
considering the cardio-pulmonary function. 


The Differences of Silico-Tuberculosis in Metal Miners and Coal Miners 


Compared with metal miners, among coal miners there are very few cases 
of complicated tuberculosis. In coal miners the tempo of progression of 
tuberculosis is very conspicuous, and many convalescent cases are observed even 
if the grade develops to moderately advanced tuberculosis by NTA classification. 
Silico-tuberculosis in metal miners is exceedingly drug-resistant, and the effect 
of chemotherapy is hardly ¢xpected in moderately advanced tuberculosis. It is 
observed in the cases of getting worse that the main change in coal miners is 
only in existing tuberculous infiltration, while in metal miners at Hosokura, ex- 
acerbation of existing tuberculous foci, the formation of cavity, the reactivation 
of foci which had been diagnosed as already cured, new disseminated foci, and 
progressive massive fibrosis form tuberculous and disseminated foci are observed. 

However, in silicotuberculosis patients in metal mines, the cases of getting 
worse are decreased by giving treatment in a hospital and some convalescent 
cases are observed, although these cases are fewer than among those in Joban 


Colliery. 
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Fig. 28. Schematic representation of prognosis 
of silicosis and pneumoconiosis. 


Diagram of Progress of Silicosis and Pneumoconiosis 


From the findings as mentioned above, a diagram of progress of silicosis is 
shown in the Figure 28. Fletcher and Gough showed the similar scheme ex- 
plaining the development of coalworker’s pneumoconiosis. The high rate of com- 
plication with tuberculosis may be due to much free silica, and the prognosis 
may be influenced by complicated tuberculosis. It is inferred with a little silica 
that pulmonary function impairment complicated with bronchitis and affected 


by the factor of age may have influence on the prognosis. 
CONCLUSIONS 


We studied morphologically and functionally on metal miner’s silicosis and 
coal worker’s pneumoconiosis, and tried to clarify the reason why the difference 


on the clinical course develops. 
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I. INTRODUCTION 


The study of cardiopulmonary physiology in pneumoconiosis originated in 
vital capacity measurement in the early 20th century. In these days when 
pneumoconiosis can be found not only in metal miners but also in the persons 
with other various occupations, the test only depending on measurement of vital 
capacity and maximum breathing capacity is too insufficient to get the conclusive 
results, and the newest cardiopulmonary function tests are absolutely necessary 
for the study of pneumoconiosis.'”®) In Japan, the practical use of the cardio- 
pulmonary function test is limited when pneumoconiosis is the object of study 
according to the social circumstances; this is also clear in the results of the re- 
ports by the Research Committee for Cardiopulmonary Physiology in Pneu- 
moconiotic Patients, whose director is Dr. 8. Katsuki who belongs to the Research 
Institute for Labor Science in Pneumoconiotic Council of Ministry of Labor. 
The author will try to review the applicable methods in practical use as a member 
of the Research Committee for Cardiopulmonary Physiology of Pneumoconiosis. 


II. CHARACTERISTIC FINDINGS IN IMPAIRMENT OF 
PULMONARY FUNCTION OF THE VARIOUS 
KINDS OF PNEUMOCONIOSIS 

If it is proved that each kind of pneumoconiosis has its own pathological 
change in broncho-pulmonary tissue, it may be also possible that every cardio- 
pulmonary function of pneumoconiosis is impaired in its own way. When we 
can discern the characteristic of cardiopulmonary function impairment, the 
diagnosis of it may be more accurate. The author will take this problem from 

our results of the rheological observation. 
We observed 227 cases of the patients in Workmen’s Accident Hospital for 
the Silicotic Patients, Workmen’s Accident Hospital at Fukushima Prefecture, 


(This report was presented at the 33rd Annual Meeting of Japan Association of 
Industrial Health, 1960.) 
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and Coal Miner’s Hospital at Joban Mine in Uchigo City, and the workers of 
metal mine, coal mine, stone cutting, foundry, glass and earthen-ware works. 
Our observation depends upon spirography by the use of 13.5 L Benedict- 
Roth type respirometer and mechanical function test (intraesophageal pressure 
method) by the use of direct-writing pressure-volume diagram recorder ('T. 
Nakamura, and T. Takishima,*’ 1958). 
The Fig. 1 (a, b) shows the comparison between static compliance and 
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Fig. 1, a. Static compliance in patients of various kinds of 
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Fig. 1, b. Airflow resistance in patients of various kind of pneumoconiosis. 
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viscous (airflow) resistance in metal miners, colliers, workers who engaged in both 
metal and coal mine, stone cutters, foundry workers, glass workers and others. 
Static compliance decreases in every group; the lung seems to become low com- 
pliant and less distensible, but there is no characteristic change in each group 
except a finding which static compliance decreases a little more in metal miners 
than in coal miners. Viscous resistance also is almost the same in every group 
except the normal one of all foundry workers. It may be a very interesting 
finding that there are some cases in which viscous resistance increases considerab- 
ly in coal miners, both coal plus metal miners, and stone cutters. 

Per cent vital capacity gives the similar decrease in each group. Although 
there is a exception which the group of glass workers shows the less decrease of 
1”VC/VCx 100(%) in proportion to the considerable low compliance, it can be 
observed that in each group the patients with 1”VC/VCx 100(%) of below 55% 
(The author considers 55% as one of the standard of the diagnosis of pulmonary 
emphysema.) are found in equal proportion. 

In general view of viscoelasticity of the lungs, there is not any characteristic 
change in each group. In almost all the pneumoconiotic lungs, it may be shown 
in the diagram for viscoelasticity that the lung becoms low compliant and at the 
same time increases viscous resistance. 

If we consider the mean value of the results of the mechanical function test 
in the relation to the roentgenological findings of the lung, it may be shown that 
there is a considerable difference between the changes in each group (Fig. 2). 
In metal miners, the low compliance of the lung is caused in its early stage, but 
its progression is hardly observed even in category IV,* while the viscous re- 
sistance gradually increases together with its progression, but its increase is 
slight in category IV. In coal miners, the low compliance is not caused till 
category III, but it is very conspicuous in the category IV, while there are some 
cases in which resistance increases much more in both category I and II than 
in category III, and then most in category IV. In coal plus metal miners the 
change just between those of coal and metal miners ought to be shown, and 
actually it is very alike to that of stone cutters; the low compliance is caused in 
its early stage, and viscous resistance increases considerably in category IV. In 


* Radiological finding is classified from cathegory I to IV according to the fol- 
lowing definition; 

Category I, Radiograph in which discrete opacities larger than miliary size are seen 
distributed partially in both lung fields. 

Category II, Radiograph in which discrete opacities larger than miliary size are 
seen distributed sparsely over the whole of both lung fields. 

Category III, Radiograph in which discrete opacities larger than miliary size are 
seen distributed densely over the whole of both lung fields. 

Category IV, Radiograph in which confluent figures or massive shadows are seen 
in addition to Categories I, II or III. 
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Fig. 2. The viscoelastic properties of the lungs and the 
radiological findings. 
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Fig. 3. Changes in the viscoelastic properties of the lungs with the age. 


foundry workers, the change of viscoelasticity of the lung can be hardly observed 
in spite of the progression of the stage in the roentgenological findings. 

The relation between the age and the viscoelasticity of the lung is shown 
in the Fig. 3. In metal miners, the decrease of pulmonary static com- 
pliance becomes remarkable after the forties, and then the lung gradually be- 
comes low compliant, while the resistance is not proportional to the age, although 
a little increase is observed. In foundry workers, the resistance is within the 
normal, and the lung may seem rather to become more distensible with the ages. 
On the contrary, in coal, metal plus coal, and stone cutter workers, the re- 
sistance tends to increase, considerably after the fifties, while impairment of 
pulmonary elasticity seems to have no relation with the age, or the lung seems 
rather to become more distensible with the ages. 

The relation between the viscoelasticity of the lungs and the duration of 
engagement is shown in the Fig. 4. In metal miners, with the duration of 
engagement, the lung becomes low compliant, but the resistance does not in- 
crease, while in coal miners, with the duration of engagement, the pulmonary 


elasticity is little changed but the resistance increases. 
Making a summary of those above mentioned, in metal miners, the main 
change of viscoelasticity is restrictive impairment, while obstructive impairment 
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Fig. 4. The viscoelastic properties of the lung and the 
duration of engagement. 


is rarely observed, and pulmonary fibrosis is appeared in its comparatively early 
stage; while in coal miners, both restrictive and obstructive impairment are 
remarkably observed in category III and IV of roentgenological findings and the 
later becomes remarkable after the fifties. In stone cutters, the change of low 
compliance is very similar to that of metal miners, while obstructive impairment 
is similar to that of coal miners having a close relation with the ages. In coal 
plus metal miners, the type of the impairment is the one combined that of coal 
miners with that of metal miners. In foundry workers, the change of visco- 
elasticity of the lungs can be hardly observed. 
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Fig. 5. Distribution of patients with pneumoconiosis 
in diagram for viscoelastic properties of the lung. 
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In order to distinguish further each feature in these changes, the author 
trys to compare in those of category IV of roentgenological findings; as for 
pulmonary elasticity the decrease of static compliance is most remarkable in 
glass workers, and then it showed the gradual decrease in the order of coal miners, 
metal miners, and stone cutters, while the increase of viscous resistance is most 
conspicuous in stone cutters, and the followings are coal plus metal workers, coal 
miners, galss workers and metal miners in the order. If they are shown together 
in the diagram for viscoelasticity (Fig. 5), it may be known that metal miners 
show nothing but a moderate low compliance, coal plus metal workers and stone 
cutters show rather obstructive impairment than restrictive one, and glass 
workers show considerable low compliance together with obstructive impairment. 
Accordingly it may be understood that in coal miners both obstructive im- 
pairment and low compliance are intensive. 

Thus to distinguish further each feature according to the change is very 
suggestive for the practical use of pulmonary function test. For example, in 
coal plus metal workers, stone cutters, earthenware workers, and coal miners, 
the measurement of MBC and Tiffeneau’s test can be used just for the detection 
of the obstructive impairment. In metal miners, not only MBC but also % 
vital capacity and pulmonary compliance have to be measured in order to 
observe the low compliance of the lungs, and moreover diffusion impairment can 
be detected by another test. In glass workers, the test to detect either restrictive 
or obstructive impairment should be used. 


Ill. THE CONCLUSION AND ITS BASIS OF THE RESEARCH 
COMMITTEE FOR CARDIOPULMONARY PHYSIOLOGY 
OF PNEUMOCONIOTIC PATIENTS 

The pulmonary function tests including ventilation, diffusion and circula- 
tion are necessary for the examination of pneumoconiotic lungs. However, the 
selected cardiopulmonary function test which may be practicable for a while in 
Japan, and the Research Committee deems indispensable in the minimum, and 
the reasons why this is selected are briefly described here. 

Elementally there are a primary screening test to detect an abnormalities 
of the cardiopulmonary function and the final test to determine the characteristics 
and the grade of functional impairment (for the compensation of patients). 

Roughly speaking, as the primary screening test, MBC is measured in any 
patients suspected for pneumoconiosis, and patients who need the second test 
are selected according to the results of the measurement of MBC. Among the 
rests, those of above category II in roentgenological findings and those who have 
the clinical sysmptoms are selected for the two steps exercise test and then those 
who need the second test are selected according to exercise index. 

As shown in Fig. 6, a, the measurement of MBC may be regarded as appro- 
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priate as the screening method, for MBC is distinctly parallel with dyspnea 
grade. As shown in Figure 6,b, dyspnea is not only due to obstructive impairment 
but also due to low compliance of the lungs. We must notice some cases as with 
silicosis of metal miners, MBC decreases only slightly, although the advanced 
fibrotic change is occurred. As shown in Fig. 7, a, MBC is nearly normal in 
metal miners, while O, diffusing capacity decereases remarkably; accordingly the 
screening method only using MBC may be insufficient. Clearly shown in the 
Fig. 7, b, O, diffusing capacity is closely related with the roentgenological 
findings of the lungs. 

Patients who showed the slightly decreased or nearly normal MBC was 
selected for the exercise test. As a result of a primary test, it is ascertained for 
those whose MBC is below -40°{, and exercise index is above 25, and who have 
advanced clinical symptoms including subjective one to need the second test 
for determination of compensation. 

As the exercise test, 2 steps test of height of 25 cm and 50 cm is adopted and 
exercise ventilation is measured during going up and down for 3 minutes (15 
times per a minute). The results are estimated by exercise index. 

The main points of the second test for determination of compensation are 
as follows; 

1. Two steps exercise test 
a. Exercise ventilation. ...exercise index, and ventilation index 
b. Oximetry...... oximeter rate 


2. Spirography 








OX 








Cardiopulmonary Function Test in Pneumoconiosis 343 


Doz 


40} 


w 
oO 





° 
® 
. 


VENOUS ADMIXTURE (%) 
Nm 
(oe) 








Do. ( ccsmin. /malq) 


Fig. 8. Venous admixture ratio and Do, in metal miner. 


a. Pattern of ventilatory impairment 


b. MBC, etc. 


We must judge collectively the result of these above tests for the determina- 
tion of compensation. 

Among them we wish to emphasize the importance of exercise index and 
ventilation index to ascertain both severe and moderate impairment. As shown 
in Fig. 8, a considerable difference is found between O, diffusing capacity and 
venous admixture ratio, arterial blood O, saturation may be necessary to be 
measured by oximeter. The decreasing rate of oximeter value is calculated as 
follows from the decreasing grade of oximeter value at the third minute during 
exercise. 

Decreasing rate 
_( 1 Oximeter value at resting time—Oximeter value during exercise x 100 
_ Oximeter value at resting time 
Ventilation index is as follows, 


Ventilation index=a- Breathing reserve ratio — b-exercise index — C 


IV. THE STUDY OF THREE FOUNDAMENTAL TESTS 


There are three foundamental tests; spirography, exercise ventilation and 
oximetry in the second test for determination of compensation. 


The author 
wishes to mention the significance and the limitation of those tests. 


1. Spirography 


The result of MBC test varies according to frequency of ventilation so that 
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here ventilation of about 80-100 times per a minute is desirable. The standard 
value which our Research Committee determines as prediction of MBC this time 
is the value which 1”VC is multiplied by 43 times. From the collective results 
of each member, it was found that to use 1” VC gives the more reliable result than 
to use MBC. The author had the opinion which we had better switch to 1”VC 
test instead of MBC because 1”VC is more easy to get the subject’s cooperation 
and to find malingering. This time, however, the author has assumed a con- 
ciliatory attitude to accept the MBC method, making the condition which pre- 
diction of MBC is the value that 1” VC is increased by 43 times. 

The Fig. 9(a) shows the result of the measurement of vital capacity. The 
pattern of static pulmonary compliance curve of obstructive impairment is con- 
siderably different from that of restrictive impairment, although each vital 
capacity of them is the same. For instance, when the only restrictive impairment 
is observed in pneumoconiosis as in silicosis in metal mine (the Fig. 9, b) vital 
capacity has the close relation with Do,; here the clinical interpretation of VC 
must be reconsidered, unless the obstructive impairment is accompanied. 
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Do, in metal miner. 


In the second test for determination of compensation, the pattern of im- 
pairment is obtained from a diagram for the functional diagnosis of ventilatory 
impairment. As the Fig. 10, diagram for functional diagnosis of ventilatory 


impairment is the co-ordinate of °% vital capacity (the ordinate) and 1”VC/VC 
x 100(%) (the abscissa). In pneumoconiosis, Type IV (obstructive impairment 
group) is much observed in addition to the normal pattern. Pulmonary em- 
physema is considered, when this figure gives 1” VC/VCx 100(%) of below 55%. 


In pulmonary emphysema thus defined there are both asthma and chronic 
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Fig. 10. Paterns of the ventilatory impairment 
in pneumoconiotic patients. 


pulmonary emphysema pattern and they are differentiated by check valve index 
(the ratio of 0.5”°VC at expiratory phase and at inspiratory phase). The 
index in chronic pulmonary emphysema is below 0.6, asthma is above 0.9 and 
the variation of these patterns is 0.6-0.9. 

If restrictive impairment (II pattern) is observed, as the obstructive 
impairment is hardly known only from |”VC/VCx 100(%), although the latter 
is observed, we must know from maximal midexpiratory flow (Leaullen & 
Fowler)*) whether it is one due to loss of the lung parenchyma or due to 
pulmonary fibrosis accompanied with the increase of viscous resistance. 

The limitation of spirography is clearly shown by the difference among 
MBC, pulmonary viscous resistance, and maximal expiratory resistance. In 
the test for determination of compensation, how to find malingering is the first 
thing; the test of objective method, for examples, mechanical function test 
with intraesophageal pressure method, and oximetry are useful. 


2. Two Steps Exercise Test 

The Fig. 11, a. b. shows ventilation and O, up-take during our exercise 
test in healthy person according to constant volume method. The Research 
Committee regarded the load of exercise of relative metabolic rate 4 as the very 
one for pneumoconiotic patient. 

There are two objects in exercise test to measure exercise ventilation; one 


is to find pulmonary insufficiency never observed at resting time according to 
oximetry, and the other is to observe the degree of dyspnea during exercising 
time. 

Although the reason why ventilation is increased is not yet known clearly, 
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it may be thought at least that an unknown stimulation due to exercise is its 
main control and the change of arterial blood gas tention and pH is nothing but 
a phenomenon of fine adjustment.®’*®) This unknown stimulation includes the 
stimulation without the direct relation with pulmonary impairment, reflex and 
humoral stimulation and working capacity; in short, exercise ventilation may be 
in broad sense what pulmonary impairment is complicately combinated with 
working capacity. In the results of the Research Committee, exercise ventila- 
tion/body surface area varies with each result. 

It seems very proper that the degree of dyspnea is given by the ratio of 
exercise ventilation to MBC, in word, exercise index.?) The Fig. 12 shows the 
relation between minute ventilation and total viscous work in both healthy 
persons and patients with chronic pulmonary emphysema. If MBC decreases while 
ventilation increases due to exercise, the work of ventilation increase extremely; 
exercise index shows clearly the degree of dyspnesa. 
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Fig. 12. Relationship between total viscous work and 
minute ventilation in emphysematous patients and the 
healthy subjects. 


3. Oximetry 
The tests according to oximetry at present days are as follows. 
1. Open circuit method 
a. High O, breathing 
b. Low O, breathing 
Closed circuit method 
Exercise test 
Others 
In our Research Committee exercise test was adopted. The author will ex- 
plain about the closed circuit method of which the author*) and Bolt et al.® 
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severally and independently presented as the test for clinical observation in 
1957. The interior of respirometer is filled with the air, and then expirated CO, 
is absorbed by soda lime. When anoxia is gradually induced due to O, uptake 
by the subject’s own, fall rate of oximeter value is observed, while ascending rate 
is observed by every 5 seconds, after the subject is removed from the respirometer. 
The Fig. 13 shows the results of our experimental observation; the descending 
curve (of oximeter value) is very steep in sarcoidosis and chronic pulmonary 
emphysema in which diffusion impairment is observed, while the ascending curve 
is very gradual in chronic bronchitis and chronic pulmonary emphysema in which 
disturbance in ventilation-perfusion relationships is observed. This method 
seems to be useful for the detection of pulmonary impairment of pneumo- 
coniosis. 


V. CONCLUSION 
It is important to recognize the limitation of the three fundamental methods 
and to send more advanced laboratory for further examination in doubtful cases, 
when the close examination including ventilation, diffusion, and circulation is 


needed in order to get the correct diagnosis of respiratory impairment in patient 
with pneumoconiosis. 
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INTRODUCTION 


There are many unsolved problems in chronic pulmonary emphysema. We 
believe that it is the most important to clarify the pathogenesis of this 
disease for early diagnosis, early treatment and prophylaxis. In this report, 
we try to make clear the pathogenesis and the check valve mechanism charac- 
teristic of this disease. 


ETIOLOGY 


The basic diseases subjected to this study, which were diagnosed carefully 
by the results of clinical and physical findings and lung function tests, were almost 
all bronchial asthma and chronic bronchitis (Table 1). According to the clas- 
sification by Swineford,') most, of our bronchial asthma belong to infectious type. 
Atopic bronchial asthma hardly developed into chronic pulmonary emphysema in 
spite of the presence of the obstructive changes of air way; in other words, the 
participation of infection must be seriously considered. 


TABLE I. Basic Diseases or Complications of 50 Patients 
with Chronic Pulmonary Emphysema 





Bronchial asthma 38%, 
atopic 2% 
infectious 28%, 
mixed 8%, 

Chronic bronchitis 22% 

Pneumoconiosis 12% 

Bronchiectasis 10°, 

Pulmonary tuberculosis 6% 

Unknown 12% 


(This report was presented by T. Nakamura at the 35th Annual Meeting of Japanese 
Society for Tuberculosis, 1960) 
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Comparing our results with reports of Whitfield,?’ Scott et al.*) and Spai 
et al.,) many cases were asthma and a few were bronchitis in our material: 
but if infectious type of asthma is included in bronchitis, our results may coincid 
with theirs. 


As for the age, chronic pulmonary emphysema due to asthma is mostly 


found in the fifties while the disease due to bronchitis is in the sixties; it is clear 


that the aging factor may play a important role. In the old age, pulmonary 
infection does not always bring about chronic pulmonary emphysema; dis 
position must be also considered. 

As it is known that the chronic pulmonary emphysema is usually associated 
with the old persons who have been suffered from bronchial asthma or chronic 
bronchitis, it is important to understand the characteristic of the senile lung. 


Structures of the lung and characteristics of the senile lung 


The structure of the lung can be divided into respiratory area (air space) 
and non respiratory area (air way). The former is constituted by the respiratory 
bronchiolus, alveolar duct, alveolar sac and alveoli. 

In the senile lung both hyperinflated and hypoinflated areas are observed 
(Fig. 1). The hyperinflated area includes the dilation of respiratory bronchioles 
and alveolar ducts, while hypoinflated area includes the constriction of alveoli 
(Fig. 2, 4); these findings are clearly observed in the serial section. We call 
this change type I of the senile change of the lung. 

Histologically the emphysematous change in the senile lung can be divided 
into two types. One is considered to be derived from the type I of senile change; 
hyperinflated lung and the dilation of the respiratory bronchioles and alveolar ducts, 
are extremely progressed, and the alveoli, hypoinflated lung, are compressed just 
like septum as in Figs. 3,4. This change was usually observed in cases aged the 





Fig. 1. Senile changes of the lung. 


Hyperinflated and hypoinflated areas are observed. 
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Fig. 2. Senile changes of the lung (air space) (Type I) 
The hyperinflated area includes the dilation of the respiratory 
bronchioles and alveolar ducts, while the hypoinflated area consists 
of the constricted alveoli. 





Fig. 3. Emphysematous change of the senile lung (Type II) 
Above mentioned hyperinflated area is extremely progressed 
and the hypoinflated area is compressed just like septum. 


eighth decade and we call it type II of senile change of the lung, which may be 
considered as end-results of the so-called senile process of the lung. Another 
type of the emphysematous change in the senile lung may be due to the existing 
infection. This emphysematous change is caused by a destruction of the re- 
spiratory bronchioles; here both type I and II coexisted. We call it type HI 
of senile change of the lung (Fig. 4). 

Adding to them, a slight increase of interstitial connective tissue is also 
observed in the senile lung, and in some cases atelectasis and fibrosis are usually 
complicated. Sometimes dust may be much accumulated to promote em- 
physematous change. In the bronchial wall, especially in the region from the 
bronchioles to the small bronchi, a dilation of them and hypersecretion are 


usually observed. 
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Type III 


Comparison between the lung of chronic pulmonary emphysema and the senile lung 


The lung of chronic pulmonary emphysema reveals more strongly infectious 
features in the air way and lung parenchyma than the senile lung does, and 
fibrotic changes are also marked, although they vary with each cases. 

In the senile lung, the emphysematous change is diffuse and uniform and 
tends to appear in the upper lobe. On the contrary, in chronic pulmonary 
emphysema, it is not always limited in the upper lobe and emphysema shows 
various sizes and forms bullae especially in the subpleural space. 

Histologically, the senile lung, even if it advances from the type I to the 





Fig. 5. Emphysematous change in chronic pulmonary emphysema 
(Centrilobular emphysema stated by Gough) 
Respiratory bronchioles are destructed 
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Terminal bronchioles with scared walls are observed in the 
emphysematous space. 


normally. 
tion promotes the formation of the emphysematous lung. 


almost equal to that of the senile lung. 


lung and senile lung. 








emphysema the structure of the respiratory area is almost destructed. 
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type II, the structure of respiratory area is preserved comparatively well to ap- 
pear emphysematous change as the whole, while in the lung of chronic pulmonary 


This 


destruction of the respiratory area (air space) usually seems to be derived from 
the destruction of respiratory bronchioles (Figs. 5,6). In other words, the em- 
physematous changes which are equal to the centrilobular emphysema stated 
by Gough® are usually formed in the early stage; it may be the result from 
localized necrosis and scar accompanied with the destruction in this region: in 
the periphery of emphysematous space the structure of alveoli still remains 


We sometimes observe the emphysematous lung which resulted from 
the alveolar traction due to intra- and interalveolar scar formation, and resulted 
from the alveolar atrophy and traction due to interalveolitis and arteriolitis 
accompanied with vascular obstruction. Thus it is likely that dust accumula- 


In chronic pulmonary emphysema, bronchiolitis and the scar formation of 
the bronchioli are usually found and rather dilation than contraction of the 
bronchioli, especially at the proximal portion of it, is commonly observed in the 


region adjacent to the emphysematous lung. The state of hypersecretion is 


The vascular changes are chiefly found in the pulmonary arterioles and small 
arteries, and sometimes reveal productive endoarteritis. The sclerotic changes 
of bronchial arteries usually corresponds to that of pulmonary arterial system. 
There is little remarkable difference between these changes in the emphysematous 
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Lung function in senile lung 


In order to observe functionally the changes in senile lung, lung function 
studies are performed in 70 apparently healthy old persons of over 60 years old. 
In a few cases vital capacity considerably decreased but in almost all of them it 
was within normal range by predicted values of Ebina.*) Residual volume ratio 

ras almost over 35% (sometimes over 50%), 1”VC/VC~x 100(%) was almost over 
70% (rarely below 70%), and the disturbance of intrapulmonary gas mixing 
was observed. The change in pulmonary visco-elasticity was uncommonly 
the same as that of chronic pulmonary emphysema. As shown in Fig. 7, 
static compliance rather tended to decrease, uncommon to increase, and viscous 
resistance was almost within normal range, but rarely increased remarkably 
in cases with chronic emphysema. 
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Fig. 7. Viscoelastic properties of the senile lung. 

As the obstructive disturbance in ventilation is rarely found in the healthy 
senile lung, and this evidence is clearly differentiated from that of chronic 
pulmonary emphysema, it may be thought whether such an increase of residual 
volume ratio as reaches 50% is due to (1) change of visco-elasticity of the lung in 
quality, or due to (2) expiratory disturbance of the thorax. It has been con- 
sidered that high residual volume ratio in the healthy senile lung was chiefly due 
to the disturbance of the movement of the thorax since the observations of 
Kountz and Alexander, because it could be hardly thought that the healthy senile 
lung might be the non-elastic and did not obey the Hook’s low. Accordingly 
the obstructive disturbance in the senile lung can not always be judged by de- 


crease of MBC. 
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The lung gradually becomes easy to extend with its growth till the age of 
about 15-20, and then its elasticity may be kept constant or the lung may rather 
become difficult to extend. As it is not proper to decide pulmonary elasticity 
only by the compliance, we must notice the intraesophageal pressure either at 
resting expiratory or maximum inspiratory level. Intraesophageal pressure in the 
senile lung varies, and it is very difficult to get a definite conclusion about it. 
In the average, however, in spite of an increase in functional residual capacity, 
intraesophageal pressure at resting expiratory level is almost equal to the 
young one’s and intraesophageal pressure at maximum inspiratory level is rather 
lower. If the comparison between the two is given to draw the static compliance 
curve of the lungs, it may be presumed that the senile lung is easy to extend up 
pretty well to the resting expiratory level, so far as the senile lung is not extended 


forcibly. 
Comparison between the lung function and pathological findings of the senile lung 


Comparing the above-mentioned lung function with pathological findings, 
the changes in most of the senile lung may correspond to type I, and so-called 
senile emphysema may be compatible with type II in which only pulmonary 
elasticity decreases. However, histological change in the senile lung shows 
various findings accompanied by senility of the lung other than emphysematous 
change and impairment of the lung function. As no autopsy is performed in 
patients in whom lung function is measured during his life time, above results 
in lung function cannot be related to the structual changes of the senile lung 
subjected to this study. Theoretically, the development from type I and type 
II in the senile lung implies an advance to chronic pulmonary emphysema, but 
clinically or practically, without recurred pulmonary infection and its resultant 
various changes, this process is not induced probably. Clinically most of chronic 
pulmonary emphysema are suffering from pulmonary infection. Such a con- 
dition may be considered as one in which the extent and grade of type III of 
the senile lung are intensified. 


Pathogenesis of chronic pulmonary emphysema 


As for the essential factor of pathogenesis of chronic pulmonary emphy- 
sema, we wish to emphasize the importance of the abnormality of pulmonary 
elasticity due to the destruction of wall of the respiratory bronchioles caused by 
pulmonary infection. The scheme gives an explanation about the process of 
the destruction of the wall of the respiratory bronchiole to the emphysematous 
space. As each respiratory bronchiole is surrounded by its own alveolar sac, 
if the destruction is caused once in the wall of the respiratory bronchiole, a free 
communication is formed between the respiratory bronchiole and alveolar sac, 
and moreover, they become the one (Fig. 8). 
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Fig. 8. The process of the destruction of the respiratory 
bronchioles to the emphysematous space. 


AS.....alveolar sac 
A.D..... alveolar duct 
R.B.....respiratory bronchiolus 


This change means the destruction of the myo-elastic system contributable 
to lung retraction. It may be also clear that a decrease of alveolar surface 
tension due to the diminution of alveolar surface, decreasing of pulmonary con- 
traction, promotes emphysematous change. 

We emphasize the great importance of chronic bronchitis, especially bron- 
chiolitis, in regard to the occurrence of chronic pulmonary emphysema. Because 
chronic bronchitis, especially bronchiolitis is very apt to cause ‘‘acinous’”’ lesion, 
so that it results in the destruction of the respiratory bronchiolus and alveolar 
duct. 

As the thoracic cavity is always under negative pressure, when it is once 
damaged and the action of elastic tissue is decreased, pulmonary parenchyma 
is distended. Moreover, hyperinflation of the lung is stimulated by an increase 
of fluctuation of intrathoracic pressure due to obstructive impairment as asthma, 
cough by bronchial infection, hyperventilation due to exercise or pulmonary 
insufficiency, a loss of lung parenchyma and etc. 


Cough mechanism 


Christie regards the cough as a developmental factor of chronic pulmonary 
emphysema, while Gordon’) opposes to this. Cough paroxysm has been con- 
sidered to be divided into inspiratory, compressive and expulsive phase. The 
author has a little different opinion from these reports; the author has not in- 
frequently observed inspiratory phenomenon in the early expulsive phase (Fig. 
9), so that it may be presumed that cough may be rather inspiratory phenome- 
non than expiratory. The pressure and volume load which are put on the alveoli 
at the time of cough may be due to something so complicated as inspiration is 
mixed up with expiration; it is thought that actual damage of alveoli at cough 
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Fig. 9. Spirogram, pneumotachogram and _ intraesophageal 
pressure curve observed in cough. 


would be more serious than that thought in the usual opinion. 

Intrathoracic pressure becomes less negative accompanied by the weakening 
of pulmonary elasticity, when lung tension decreases. Adding to that, an in- 
crease of airway resistance and viscous resistance causes the expiratory ball- 
valving to develop pulmonary emphysema. 


Collateral ventilation 


McLean*’ emphasized the significance of collateral ventilation as a cause of 
air trapping in pulmonary emphysema. In our study of modified Van Allen’s® 
method to record intrabronchial pressure by electromanometer, lobar bronchus 
or segmental bronchus was obstructed in manner of inspiratory or expiratory 
ball-valving and the air was flowed in and out the segmental or lobar bronchus 
in various flow rate by pump. In this experiment, it was showed that collateral 
ventilation was clearly demonstrated to occur between every segment but never 
between lobes. The existence of collateral ventilation is hardly recognizable in 
the pressure-volume diagram in the connection 4 of the experiment shown in 
Fig. 10. In the connection 5 at the inspiratory phase of the pressure-volume 
diagram, the beam of cathodray oscilloscope is observed to move to the left side 
following to the compliance of alveoli in one segment, and alveoli in another 
segment are gradually extended by the function of collateral ventilation, so that 
compliance is given as a sum of both segments (Fig. 11, a). This is similarly 
observed at the expiratory phase. As collateral ventilation 17cc are calculated 
roughly at inspiratory phase, while 14 cc at expiratory phase ; it is equivalent to 
about 30% of tidal volume. According to the connection 3 and 5, the airflow in 
segmental bronchus on one side is observed at inspiratory phase (inspiratory 


spirogram) ; the air is rapidly inspirated; the inspiratory curve contains a straight 








T. Nakamura et al. 


BOX CALIBRATION 
ete! BOoY 







CATHODRAY OSCILLOSCOPE 





| ———— PLETHYSMO- 
GRAPH 

| 

| 


3 way COCK 
\ Ay 


ye 


GLASS BOTTLE 




















Y 
amp axis 
x AKIS 











ELECTRO- 
MANOMETER 








Fig. 10. The experiment of collateral ventilation. 


a. Apparatus 

The excised lung is suspended in the glass bottle and two segmental 
bronchi are taken up outside by the glass tube, and then connected to 
the body plethysmograph (about 500L). The pressure in glass bottle is 
made negative and then the lung is inflated, when the pressure is 
measured by inductance electromanometer, and connected to X-axis of 
cathodray oscilloscope. The volume flow from the lung is transformed 
to minute pressure change (about 1 mmH,O) in body plethysmograph, 
and measured by electromanometer connected to Y-axis in cathodray 
oscilloscope. 
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Fig. 10. The experiment of collateral ventilation. 


b. Method 


The figure shows the method of connection at the 3 way cook of 
glass bottle. In the connection 1, both right and left segmental bronchi 
are connected to the body plethysmograph, and ventilation is measured 
as the whole. Inthe connections 2 and 4, only one is connected and the 
other is left open, and in the experiments 3 and 5, only one is also con- 
nected and the other is closed. Each pressure-volume diargam in the 4 
connections is shown in the figure below. 
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Fig. 11. Collateral ventilation. 
a. Pressure-volume diagram 

This figure shows the record according to the connec- 
tion 4 shown in Fig. 3. In this figure collateral ventila- 
tion is measured 17 cc and 14 cc, and of course really 
more than those. 





Fig. 11. Collateral ventilation. 
b. Inspiratory spirogram 
This figure shows the inspiratory volume change in the rela- , 

tion to the time. Spirogram of excised lung is given as a 

cathodray oscillogram (X-axis; time scale, and Y axis; pressure 

change in body plethysmograph (volume change)). Accompanied 

with the fast inspiration by pumping inspiratory spirogram is 

rising rapidly to a certain point, and the gradual change is 

followed by collateral ventilation. Collateral ventilation of 18cc 

was finished in 2 sec. in this case. 
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line together with a curved line; the curved line shows the airflow through collateral 
ventilation. In this experiment, ca. 18 cc of collateral ventilation are observed 
to have been fulfilled within 2 seconds. 

The histological fact that atelectasis is not observed in the peripheral lung 
of the obliterated bronchioli due to plugging of secretion may suggest the ex- 
istence of collateral ventilation. In the cases with these findings, hyperinflated 
area is usually remarkable, suggesting the occurrence of air-trapping. 


Mechanical property of the lung in relation to pathogenesis of pulmonary emphysema 


We believe that expiratory check valve is of a great importance as a factor 
to develop pulmonary emphysema and recently expiratory obstruction has been 
noticed as an interesting mechanical problem by physiologists.” 

Lung-thorax system may be regarded as a kind of pump; here the more the 
pressure increases, the more the flow rate usually increases. In the lung, at the 
inspiratory phase, intrapulmonary pressure is also in proportion to flow rate in 
the pressure-flow diagram recorded in pulmonary emphysema. 

At the expiratory phase at first it does so, but flow rate is getting decreased 
as the expiration proceeds. The more the patient trys to expirate, the more 
the expiration is difficult for him; it is the expiratory obstruction characteristic 
of chronic pulmonary emphysema. 

In the elements of the pressure acting upon the wall of the airway, there are 
lung tension, alveolar pressure and intra-bronchial pressure; the balance between 
these pressures is determined by resistance of peripheral portion of airway, ex- 
piratory flow rate, pulmonary compliance, and lung volume. 


STATIC COMPLIANCE (L/CMH QO) 





_ | AIRFLOW RESISTANCE 
CMHO/L/SEC,) 


MAXIMAL EXPIRATORY 
FLOW RATE (L/SEC) 


Fig. 12. Relationship between viscoelastic properties of 
the lung and maximal expiratory flow rate. 


The location in the X-Y co-ordinates is determined by 
both compliance «nd resistance of the patients, and the 
distance from this point to the curved surface is obtained 
to be maximal expiratory flow rate. 
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If lung volume is 5 L, the 3-dimentional relation between airway resistance 
and pulmonary compliance is given as the Fig. 12 with some assumption. The 
spherial surface shows maximal critical expiratory flow rate. From Fig. 12, 
it may be clear that maximal expiratory flow rate will be measured following the 
determination of airway resistance and pulmonary compliance. If we observe 
both healthy person and patient with chronic pulmonary emphysema in the co- 
ordinates of resistance and compliance (the author calls it the viscoelastic 
diagram), it is shown that in healthy person the maximal expiratory flow rate 
reaches over 10 L, while in chronic pulmonary emphysematous patient hardly 
does 5 L. 

In the relation among lung volume, time constant and maximal critical 
expiratory flow rate, it is shown that in healthy subject the more the lung dilates, 
the more the lung tension increases, and the airway also dilates to make im- 
possible to cause expiratory check valve. In the chronic pulmonary emphy- 
sema, however, time constant markedly increases, maximal expiratory flow 
rate scarcely reaches 2 or 3 L, even if the lung is hyperinflated. 

The pressure to collapse the airway is greater in the proximal airway, but 
compliance of the proximal airway is too little to collapse the airway. Since in 
the peripheral portion of the airway, a diameter of the airway is maintained 
by the lung tension, airway is extremely narrowed only by the fact that the 
pressure on airway becomes almost equal to the lung tension. 

The more in the periphery, airway obstruction is, the more this tendency 
is observed. It is, therefore, recognized that expiratory check valve is liable to 
occur in the peripheral portion of airway. 

Check valve index 


=a 


We call the ratio of expiratory 0.5”VC and inspiratory 0.5”VC check valve 
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Fig. 13. Diagram for diagnosis of chronic pulmonary emphysema. 
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index. When this index and 1”VC/VCx100(%) are used together, we may 
diagnose emphysema more accurately. In the Figure 13, considering the re- 
lation between this index and I”VC/VCx 100(%), it is known that the patients 
during asthmatic attack are diagnosed as chronic pulmonary emphysema if 1” VC/ 
VCx 100(%) is used only a standard,’ while they are distincted fairly sharply 
by the use of check valve index. 


SUMMARY 


The abnormalities of the lung structure and function in the senile and em- 
physema lung were studied, and the cardinal factors of the development from the 
senile lung to chronic obstructive emphysema were speculated as follows. 

First, the chronic bronchitis which is the common disorder in senile lung, 
apt to develop bronchiolitis, with acinus inflammation in the acute exacerbation 
and causes the damage of the wall of respiratory bronchioli and alveolar ducts. 
Secondly, as the result, the pressure unbalance between the intrapulmonary 
pressure which tends to collapse airway, the elasticity which tends to distend 
airway and the intrabronchial pressure develops. These agents which disturb 
the pressure balance were studied theoretically and measured practically. 
Thirdly, the check valve phenomenon develops by the pressure unbalance. The 
viscious circle repeating check valve phenomenon accelerates the progression of 
the chronic pulmonary emphysema. The other agents; obstructive change, 
cough, exercise and hyperventilation also accerelate the development and_pro- 
gression of the chronic pulmonary emphysema. We believe the above theory 
is the most important factor in the pathogenesis of the chronic pulmonary 
emphysema. 

The new index of check valve index (C.V.I.) was proposed in differentiating 
chronic pulmonary emphysema from bronchial asthma. Application of check 
valve index in conjuction with one second vital capacity per vital capacity 
(1”VC/VC) is available for diagnosis of chronic pulmonary emphysema. 
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The theory of functional zonation of the adrenal cortex is gradually gaining 
general acknowledgement and is today supported by the majority of scholars, in 
spite of many objections against it by researchers who study cortical regenera- 
tion or by those who hold cell migration theory.')-® 

It has been suggested that the zona glomerulosa was primarily responsible 
for aldosterone or mineralocorticoid secretion, the zona fasciculata was responsible 
for 17-hydroxycorticosteroids or glucocorticoid production, and the zona re- 
ticularis was a source of androgen or estrogen. Especially, Giroud, Stachenko 
and Piletta?’ presented the results of experiments which had been undertaken 
to establish in vitro basic production of cortisol, aldosterone and corticosterone 
by the zona glomerulosa and the fasciculata-reticularis of beef adrenal. They 
showed that cortisol was produced almost entirely by the fasciculata-reticularis, 
although a trace of this hormone was found in the glomerulosa. On the other 
hand, aldosterone was found exclusively in the glomerulosa. Corticosterone was 
secreted both in the glomerulosa and the two inner cortical zones. The ex- 
periment of Race et al.) on dogs for correlative functional and histologic studies 
gave results in favor of the theory of functional zonation. Their report com- 
prised a review of evidences supporting the theory. However, most of the obser- 
vations on which the theory was based, were delivered by animal experiments. 
Due to extreme difficulty to apply the experimental results to the human adre- 
nals, there has been hardly any histopathological work done, in which the human 
adrenals were investigated in reference to functional zonation. The author studied 
the surgically resected adrenal glands in hyperadrenocorticism and compared 
the histological findings of Conn’s disease and Cushing’s syndrome and thus 
determined the resemblance and difference of the two diseases. Furthermore, 
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a number of human adrenals obtained from autopsy cases with hypertension 
and/or some other diseases were examined based on the knowledge gained from 
the above investigation, and the significance of histological structures and patho- 
logical changes in the human adrenal cortex was pursued. 

New findings on the correspondence of histological and functional zonation, 
mutual transition of cortical zones, morphological changes in the course of aging 
process and their significance in pathology are dealt with in this report. 


HYPERADRENOCORTICISM 


One of the evidences presented for the theory of functional zonation of the 
adrenal cortex is given by histopathology of hyperadrenocorticism. There have 
been many reports on the histopathology of adrenogenital syndrome and Cush- 
ing’s syndrome. On the other hand, primary aldosteronism was described by 
Conn’) in 1955 for the first time. Because of recent discovery of the latter 


TaBLE I. Cases of Hyperadrenocorticism 
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TaBLE II. The content of Corticosteroid Hormones in the Adrenals and Adrenal Tumors 
(¥/g tissue), Determined by Dr. 8. Fukuchi, in the Medical Department of 
Prof. Torikai, Tohoku University School of Medicine. 





Case No. 2 3 4 5 6 | 8 14 

Disease Aldosteronism | Cushing AGS 
Hydrocortisone} 3.8 13.1 12.7 16.95 15.2 1.10 0.41 
Cortisone | 1.0 1.14 0.6 0.56 0.06 0.16 
Aldosterone 0.6 0.95 0.15 0.37 0.04 | 0.07 
Corticosterone 4.4 17.1 5.8 7.13 9.6 0.03 0.16 
i= ig te at | : ~ r) . t. . 

Notes | Adenoma Adenoma Adenoma Slight Qualitative Adenoma Adenoma 


hyperplasia hyperplasia | 


disease, there is hardly any detailed investigation of the disease beyond the level 
of mere case reports. 

The author studied the surgically resected adrenal glands* from four cases 
of primary aldosteronism and two cases of related disease, and compared them 
with those of seven cases of Cushing’s syndrome and one case of adrenogenital 
syndrome from the standpoint of functional zonation. 

The examined cases of aldosteronism are listed in Table I. In these four 
cases of primary aldosteronism, there were found adenomas of thumb tip size 
which looked yellow with abundant lipid macroscopically. The adenoma had 
generally a high aldosterone concentration. The content of cortisol was also 
high*) (Table II). 

The histological pictures of adenoma of all the four cases resembled one 
another with their characteristic findings. The constituent cells of cortical 
adenomas generally had abundant pale-stained cytoplasm filled with moderate 
sized to coarse lipid granules. The cytoplasm gave, with the exception of large 
droplets, positive Schultze and Schiff reactions. The paraffin sections revealed 
that nuclei were small in general and large nuclei were rarely found. 

The comparison of histological findings and the content of corticosteroids 
in adenoma of the cases gave a valuable suggestion concerning the cells of 
aldosterone and hydrocortisone production. The adenoma of the third and 
fourth cases with relative high hydrocortisone content had sometimes foci of dark 
staining cortical cells with less amount of lipids. 

This was more clearly recognized in the adrenal cortex of the cases which 
had adrenocortical hyperplasia. The fifth case had diabetes with hyperten- 
sion and the diagnosis of Kimmelstiel-Wilson’s syndrome was confirmed through 


* The materials were obtained from the patients admitted to the University Hospital 
affiliated with the Tohoku University School of Medicine. We are greatly indebted to 
the members of the Medical and Surgical Clinic, especially to Dr. T. Torikai, Professor of 
Internal Medicine, and Dr. 8. Shishido and Dr. T. Funyu, Professor and Assistant Professor 
of Urology, for obtaining the well examined materials. 
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the biopsy of the kidney. Furthermore, aldosteronism was suspected because of 


low serum potassium and a high urinary aldosterone content, and the patient 
was operated. At the operation bilateral hyperplasia of the adrenals was 
confirmed and total adrenalectomy of the left and one fourth resection of the 
right were performed. Histologically, there was diffuse or nodular prolifera- 
tion of pale-stained cells with much lipids in the glomerulo-fasciculata, beside 
diffuse hyperplasia of dark-stained cells with less amount of lipids in the zona 
fasciculata. Such complicated findings as were seen in this case corresponded 
with the usual adrenal findings in autopsy cases of Kimmelstiel-Wilson’s syndrome. 
They were not of primary, but of secondary character. Chemical analysis of the 
surgically obtained specimen revealed not only a high aldosterone content 
but also an increase of cortisol. The sixth case had hypertension of 8 years 
duration. As seen in Table I, showing highly increased values of urinary 
aldosterone, he had no other signs of primary aldosteronism. At the time of 
operation, both adrenal glands were grossly normal, and a partial right adre- 
nalectomy was performed, though it could not save the patient from hypertension. 

Histological findings of the adrenal tissue showed diffuse hyperplasia of the 
outer zone of the cortex which was composed of pale-stained cells filled with 
lipid granules. The inner cortex, on the other hand, was thinner. In the renal 
biopsy some changes of essential hypertension were found. 

The majority of the hitherto reported cases of primary aldosteronism had 
adrenocortical adenoma. In some other cases adrenocorotical hyperplasia*?.*) 
and carcinoma" were reported. By the investigation of histological descrip- 
tions or pictures in hitherto reported cases and in our own cases of aldosteronism, 
it was found that hyperplasia of pale-stained, lipid-filled cells was a common 
feature in all the cases, and suggested this was the source of the aldosterone 
hyperproduction. The characteristic cells were in general originated from the 
intermediate zone between the glomerulosa and the fasciculata. Bernheim?) 
regarded this zone as an important source of the aldosterone secretion. 

As for the adrenals in Cushing’s syndrome, they are noted to contain cortical 
adenoma or carcinoma, to be of diffuse or nodular hyperplasia, or to be of normal 
structure’)-™, As shown ,in Table I, we observed seven cases of Cushing’s 
syndrome and one case of adrenogenital syndrome, in which the adrenal glands 
were surgically resected. Out of the cases of Cushing’s syndrome, only two cases 
showed typical cortical adenoma, the other four cases showed changes which 
might be the seat of hyperplasia and another case showed no noticeable change. 
The histological pictures of cortical hyperplasia or adenoma in these cases were 
in general more complicated than in primary aldosteronism. 

Of the above seven cases, adenoma of case No. 7 had some resemblance to 


the histological aspects in primary aldosteronism. The adenoma was mainly 
composed of remarkably lipid-filled cells, which often characterized the cases of 
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aldosteronism. In some areas, smaller cells which constitute the zona glomerulosa 
of the normal adrenals, were found in glomerular arrangement. In this case 
serum potassium level was 2.9 mg/dl before the operation. Urinary aldosterone 
was presumably increased, though it was not quantitatively determined. So 
the present author preferred to regard this case as a mixed type of Conn’s 
and Cushing’s syndrome. In all the adrenals of Cushing’s syndrome, prolifera- 
tion of such cells could be demonstrated and regarded as one of the causes of 
hypertension and hypopotassemia in this disease. Cells of this kind were found to 
be located in the superfical cortical layer by the study of hyperplastic adrenals. 

Furthermore, the appearance of cortical cells rich in fine granules or deeply 
stained with eosin, was the invariable finding in Cushing’s syndrome. Between 
these dark-stained, lipid-depleted cells and the above-mentioned pale-stained, 
lipid-filled cells, a series of transitional cells was occationally observed. The 
complicated findings were most striking in the adenoma of case No. 8 and the 
adenomatous hyperplasia in cases Nos. 9 and 10. When hyperplasia of the adrenal 
cortex was slight, the cells in the intermediate states could be identified in the 
inner zone of the fasciculata. If the degree of hyperplasia was marked, this 
picture could be found extending to the outer layer and sometimes assuming the 
shape of adenomatous nodule. 

For example, in case No. 11, the clinical picture was that of typical Cushing’s 
syndrome and an operation was carried out after complicating miliary tuberculosis 
was controlled by medication. At the operation, the adrenals showed bilateral 
hyperplasia. Adrenalectomy of the left and resection of about one fourth of the 
right adrenal were performed. In the removed adrenals the zona fasciculata 
increased its thickness, often culminating in a nodular structure with some polypoid 
extracapsular extensions. In the inner layer of the fasciculata, dark-stained 
cells with finely granular cytoplasm and scanty tiny lipid granules were found 
partly accompanied by degenerative destruction. But in the outer layer, pale- 
stained, lipid-filled cells stood out conspicuously. After the operation the patient 
fell in shock, did not respond to treatment and died. The autopsy revealed a small 
basophilic adenoma of the pituitary gland and diffuse cortical hyperplasia of the 
adrenal with foci of small nodular formation. Severe necrosis and hemorrhage 
were found in the remaining part of the adrenal at the time of autopsy. It seemed 
to be attributed to post-operative shock that the preserved cortex was almost 
entirely devoid of characteristic pale-stained cells described above, though large 


dosis of cortisone was administered post-operatively. 

The appearance of densely granular cells with depleted lipid in the human 
adrenal cortex is observed, by the author’s own experience, at ACTH medication, 
in the case with pheochromocytoma, in compensatory hypertrophy of the adrenal 
or in other mild stimulating state of the cortex. This condition corresponds 


with hypersecretion and decreased storage in animals as was shown by Selye 
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and Stone®’, and is observed in the experimental animals of ACTH administra- 
tion or in the stage of resistance. Ashworth et al.®) demonstrated in the rat 
adrenal cortex by electron microscopy, that the normally pale-stained, lipid- 
filled cells in the outer portion of the fasciculata under ACTH administration 
become dark-stained and lipid-depleted, and resembled those in the deeper por- 
tion of the normal fasciculata and reticularis. In the author’s experiments 
cortical cells acquired such characters in all cortical layers from immediately 
subcapsular region to deep inner zone, in pregnant rats, in rats in similar condi- 
tions induced by various female hormones'® and in prediabetic rabbits”. 

In Cushing’s syndrome, however, even larger hypertrophied cells could be 
observed. The cells had cytoplasm stained deeply with eosin and large nuclei 
rich in chromatin. They had fuchsinophilic cytoplasmic granules. Light and 
dark cells were often arranged closely intermingled. The cells of this type were 
valled by Kampmeier"?, and Craig and Landing”? anaplastic cells and are identical 
with the cells seen in the fetal cortex and adenoma derived from it. They contain 
giant and bizarre nuclei which are otherwise found in cortical carcinoma, but this 
finding does not necessarily indicate malignancy of the tumor®). The cells of 
this type are mostly seen in adrenocortical hyperplasia or adenoma with adreno- 
genital syndrome. 

Case No. 14, 21-year-old female, manifested typical adrenogenital syndrome 
of 3 years duration. Urinary 17-KS contents for 24 hours were 56.16 mg. and 
contained high values of androsterone, etiocholanolone and unidentified fractions. 
Long term administration of cortisone could not save the patient from the syndrome 
and tumor was found in the right adrenal by X-ray examination. Surgically 
resected tumor weighed 84g, was spherical, lipid-depleted and colored brown. 
Histological examination revealed an adenoma of the cortical cells resembling 
those of the deeper layers or the fetal cortex. The adenoma cells had, in general, 
lipid-depleted, granular and fuchsinophilic cytoplasm with deeply stained nuclei. 
Larger hypertrophied cells and manifestation of the light and dark cells were 
also observed. The pale-stained, lipid-filled cells, however, could not be 
observed. Foci of the myeloid and fat tissue were occasionaly intermingled with 
adenoma cells. 

Of the cases of Cushing’s syndrome studied by the author, the largest number 
of cells of striking resemblance to those in the fetal cortex and in the adenoma 

or hyperplasia with adrenogenital syndrome was found in hyperplastic foci of the 
adrenals of cases Nos. 9 and 10, both of which were infants. Macroscopically 


there were multiple nodules of milium-size and those up to several millimeters in 
diameter in the first and second cases, respectively. Besides, there were findings, 
which supported the view of Cohen et al.) who mentioned that nodular 
hyperplasia preceded the appearance of cortical adenoma. The internal structure 
of the nodules varied very markedly. 
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The nodules in the relatively superficial cortical layer were composed of drak 
and light cells of rather uniform size and shape. The majority of other nodules, on 
the contrary, had more hypertrophied acidophilic cells and sometimes the cells 
attained the size twenty to thirty times as large as normal cells. Hypertrophied 
cells with similar characters, though not exactly so large in size, were likewise 
observed in other cases. This was also pointed out by Cohen et al. 

As was previously mentioned, the adenoma of the size of hen’s egg in case 
No. 7 was mostly composed of cells filled with lipid and glomerulo-fascicular 
arrangement, but partly of such hypertrophied cells. On the other hand, the 
acidophilic hypertrophied cells of this type could not be found in cases of 
aldosteronism. It was noteworthy that cells characteristic of adrenogenital 
syndrome were also found in hyperplasia and adenoma with Cushing’s syndrome. 
It is generally known, that Cushing’s syndrome is often accompanied by hirsutism 
and virilism, and eventually by feminisation®?). In fact there are some reported 
cases of mixed type of Cushing’s syndrome and adrenogenital syndrome.**) This 
indicates possible androgen production or secretion of hypertrophied fuchsinophilic 
cells or of cells resembling those of the fetal cortex found in the adrenal cortex 
in Cushing’s syndrome. However, this interpretation is in the present state still 
attached by some uncertainty and not a few evidences are presented against it. 
It was one of the author’s conclusions in a previous report that fuchsinophilic 
cells in the fetal cortex did not necessarily mean androgen production**). 

It is demonstrated by Guttman*) and some other investigators that the 
adrenals in Addison’s disease have large dark and light cells in the remaining 
uninvolved part of the adrenal cortex. We studied a number of adrenals of 
extensive tuberculous destruction with and without Addison’s disease, and found 
that in cases of Addison’s disease, only small amount of the cortex was preserved 
in nodular form and contained hypertrophied cells similar to those found in the 
vases of Cushing’s syndrome. On the contrary, even in extensive adrenal 
tuberculosis, a considerable quantity of cortical tissue remained uninvolved, 
when symptoms of Addison’s disease were absent, and cortical cells had not the 
above-mentioned character.**? 

It is generally assumed by biochemists, that adrenogenital syndrome is 
induced by enzymatic disorders. Histological characterization of the adrenals 
in this syndrome will be effectively attempted only with a sufficient number of 
cases. At present the author is of the following opinion about the histological 
structures of cortical adenoma or hyperplasia of hyperadrenocorticism from the 
standpoint of functional zonation. In aldosteronism the zona glomerulosa and 
adjacent superfiical cortical layer are in a state of hyperfunction, mainly 
represented by proliferation of pale-stained cells containing large amount of lipids 
with a transition to cells of normal fasciculata-type. On the other hand, the 
adrenocortical adenoma or hyperplasia in adrenogenital syndrome is mainly 
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composed of cells of the deeper layers represented by the zona reticularis and 
X-zone, and contains transitional cells to those of the fasciculata. The adreno- 
cortical adenoma and hyperplasia in Cushing’s syndrome maintain the character- 
istics of the zona fasciculata, and are composed of various types of hyperfunc- 
tioning cortical cells, normally found in the entire adrenocortical layers. The 
author is led by these different histological characteristics to classify adrenocortical 
adenoma or hyperplasia in three types, in Conn’s, Cushing’s and of adrenogenital 
syndrome. 


HYPERTENSION AND THE ZONA GLOMERULOSA ADULTA 


Adrenocortical hyperplasia or adenoma found in Conn’s and Cushing’s 
syndrome is also a common experience in other autopsy cases, and its relation to 
hypertension is a matter of renewed interest. It has been noted for a long time 
that diffuse hyperplasia and circumscribed adenomatous formation of the adrenal 
cortex are common in hypertensive patients, and recently renewed attention was 
attracted to this subject resulting in a number of reports. A few investigators 
such as Dempsey*®’ did not find any correlation between hypertension and 
adrenocortical hyperplasia or adenomatous formation, but many other scholars 
such as Rinehart et al.*?), Fisher and Hewer?*’, Dawson?®), Wertheimer and 
Guichard®, and Beattie and Heasman*!), demonstrated in both essential and 
renal hypertension a considerable increase in average weight of the adrenal 
glands due to cortical hyperplasia with a significant increase in adrenocortical 
lipid. 

Liebegott*®) and also Dawson* concluded that the changes in essential 
and renal hypertension were mainly composed of hyperplasia of the fasciculata 
and seemed to be rather a quantitative difference than a qualitative. Bundschu**) 
reported that the weight of the adrenals increased in parallel with that of the 
heart, and the degree of hyperplasia of the adrenal cortex and the medulla is 
most prominent in cases of hypertensive cardiac hypertrophy. 

The author’s own histopathological observation was performed on the 
adrenals of 83 cases with hypertension, including essential hypertension, renal 
diseases and some other diseases associated with high blood pressure. Beside 
blood pressure values, hypertrophy of the left ventlicle of the heart, arteriosclerosis 
of the aorta and hypertensive lesions of peripheral arteries were taken into 
consideration in the selection of hypertension cases. To evaluate the degree of 
pathological changes of the adrenal cortex, 53 cases of non-hypertensive patients 
of corresponding ages were examined for control. Of the histopathological find- 
ings of the adrenals, were compared with those of the previously mentioned 
aldosteronism and Cushing’s syndrome. To the 53 cases of non-hypertensive 
control group special attention was paid in persuing changing ratio of each cortical 


zone in the entire adrenal cortex due to aging. 
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In the cases with hypertension, various degrees of hypertrophy and hyper- 
plasia were found in the adrenal cortex, but detailed findings were different in 
renal and essential hypertension and by age. In essential hypertension, diffuse 
and nodular hyperplasia was high in incidence and severe in degree. In cases of 
moderate or slight hyperplasia of the adrenal cortex, hyperplasia occurred in 
the subglomerular region, extending both outwards and inwards. In usual 
textbooks of histology, this subglomerular region is regarded as a part of the 
zona fasciculata. In fact the region is composed of cells rather rich in cyto- 
plasm and is clearly bordered from the zona glomerulosa. Its transition to 
the true fasciculata is gradual without any sharp borderline. However, this 
region commonly has cell masses of knob-shape without the formation of fascicular 
cell cords. In essential hypertension the cell knobs become larger and the 
cells increase cytoplasm with much lipid, and this region later develops at the 
cost of adjacent layers into diffuse and nodular or adenomatous hyperplasia, 
composed of large clear cells and finally culminates in adenoma. Histologically 
this cortical part gives similar findings of cortical hyperplasia or adenoma 
found in the surgically obtained specimen in aldosteronism. But the tissue 
in the autopsy materials show sometimes marked depletion of lipid. 

In the studies of urinary aldosterone in human arterial hypertension, Genest 
et al.**) and also Torikai**) reported high urinary aldosterone content in cases of 
essential hypertension and pointed out that aldosterone excretion generally 
increased in prolonged hypertensive state. A few pathologists observed changes 
of the zona glomerulosa in hypertensive patients. Peshel and Race**) reported 
hypertrophy and Nichols*’) observed depletion of cholesterol in the zona glomerulosa 
of patients treated with a low sodium diet. The changes occurred in the outer 
zone of the cortex and were not defined in the glomerulosa in a narrow sense. 

In a state with high urinary aldosterone excretion, whether it is due to Conn’s 
disease and related syndrome or essential hypertension, the outer margin of the 
fasciculata is composed of cells filled with lipid and has eventual hyperplasia of 
adenoma. According to the theory of functional zonation of the adrenal cortex, 
aldosterone is regarded to be produced in the zona glomerulosa. For a histological 
application of this theory, we called the above-mentioned region with knob- 
shaped cell mass the zona glomerulosa adulta, and discriminated it from the zona 
glomerulosa fetalis, the region which was situated immediately under the capsule 
and composed of small cells. 

In the majority of patients with hypertension diffuse or nodular hyperplasia 
of the adult glomerulosa was found. Out of 83 examined cases 51 had the changes 
of this type, with an especially high incidence rate in the group of essential 
hypertension. It is shown in Table III that under 40 years old patients with 
nephritis had the zona fasciculata mostly predominating over the zona glomerulosa 


in width. In nephrosclerosis, cases with equal thickness of the two zones and 
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TaBLE III. Ratio of Glomerular and Fascicular Hypertrophy 
and Various Forms of Hypertension 





\ Age 0-40 40- | 
“Fose. Ratio G <F G=F G>F | Subtotal G<F G=F G>F | Subtotal Total 
Diseases ; : | 
‘Nephritis 0 2 3 15 0 2 1| 3 |B 
po $s 4 ° 5 1 2 4 7 12 
ee we 8 se wv} ¢ fs 
eeeensive — 2 0 3 2) 24 | 26 
po 0 0 2 2 2 2 16 | 20 22 
ree f 0 0 1 I 0 1 1 | 2 | 3 
‘Total =0| 14 | 3 10 44 | 87 | 83 


G: Glomerular hypertrophy of the adrenal cortex 
F: Fascicular hypertrophy of the adrenal cortex 
cases in which the zona fasciculata exceeded the other in thickness were equal in 
number. The features of diffuse or nodular hyperplasia of the zona fasciculata 
in the cases of hypertension were in no respect different from those of hyperplasia, 
which occurred in reparative process of cortical injuries due to stress in experimental 
animals. However, in cases of chronic progressive nephritis the adult glomerulosa 
and the reticularis increased their thickness and the fasciculata decreased its 
width. In the cases of essential hypertension, even at the ages under 40, the 
adult glomerulosa was thicker than the fasciculata. 
When the 40th year of age is passed over, the fasciculata loses, but the adult 
glomerulosa, the reticularis and juxtamedullary layers gain in thickness on 


account of physiological aging. In essential hypertension, this tendency of 


normal senescence in the adrenal cortex is highly accentuated and in particular, 
diffuse or nodular hyperplasia of the adult glomerulosa is one of the prominent 
features. This finding is particularly evident in the cases that died of massive 
cerebral hemorrhage and so-called arteriosclerotic disease. 

The cortical adenoma or adenomatous hyperplasia was noted in 9 cases. 
In 6 cases it was composed of the adult glomerulosa and the largest one was that 
of the size of thumb tip. The histological findings were quite similar to those of 


surgically removed adrenals of primary aldosteronism, but, as it was usually the 
case with autopsy materials, the content of lipid granules was rather decreased. 
In other 3 cases the adenoma was composed of the reticularis and two of them had 
pigmented adenoma. All the 9 cases with cortical adenoma and adenomatous 
hyperplasia belonged to the group of essential hypertension. It is especially 
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noteworthy, that 8 out of the 9 cases were over 40 years of age. 

Many investigations have been carried out as to the correlation between the 
adrenal cortex and hypertension. Among them, the experiments of Skelton**)).») 
on adrenal regeneration hypertension presented evidences for hyperplasia of the 
superficial layer of the adrenal cortex as a cause of hypertension. In the author’s 
investigation on essential hypertension, marked hyperplasia of the adult 
glomerulosa had closely related character to that of primary aldosteronism. Such 
histological findings can be regarded as an accentuated manifestation of physiolo- 
gical senescence in the zonation of the adrenal cortex. The author could further 
confirm that prolonged hypertension, renal or not, induced hyperplasia of the 
adult glomerulosa. In cases of malignant nephrosclerosis, the wall of capsular 
arterioles of the adrenal exhibited similar fibrinoid necrosis as was observed in 
renal arterioles. Besides, in the regional area of the adjacent cortex, there were 
occasional hemorrhage or nests of cortical cells with clear swelling. In senile 
patients, especially in those with essential hypertension, atherosclerosis of arterioles 
and hypertrophy of the media of small arteries were observed in the vicinity of 
the capsule. Arteriosclerosis commonly seen in aged or hypertensive patients 
is not so severe and extensive as to cause infarction or hemorrhage of the cortex, 
but it may nevertheless cause some local circulatory disturbances. According 
to the author’s own study*) the hyperplasia in hypertention occurred in the 
adult glomerulosa and the adjacent fasciculata as a block which was drained 
by one of two branches of a subcapsular arteriole. In the present state the 
problem of the circulation of the human adrenal is not yet fully elucidated and 
further investigations are necessary on this subject. The extreme variety of 
histological findings makes it difficult to decide at present, whether hyperplasia 
or adenoma of the adult glomerulosa is a primary cause of essential hypertension 
or a secondary change due to some local circulatory disturbances. Upon this, 
the author is holding the opinion that the adrenocortical lesions are secondary, 
and agrees with the opinion of Rinehart et al.*7) and Bundschu**), 


AGING OF THE ADULT GLOMERULOSA 


The author examined the adrenal glands of 136 patients mainly in adult and 
advanced ages and found that the zona fasciculata decreased its width with 
senescence while the reticularis and the adult glomerulosa gradually increased in 
their relative width in the total cortex. On the contrary, the true glomerulosa 
or the fetal glomerulosa directly under the capsule became atrophic in the adult 
and decreased its thickness with focal fibrosis. The border between the fetal 
and adult glomerulosa was defined with arch-shaped membrane composed of 
argyrophilic fibers. Between the adult glomerulosa and the fasciculata there was 
no distinct border and the two zones were constituted by continous cell cords. 
In usual textbooks of histology the adult glomerulosa is included in the fasciculata. 
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It seems, however, that the former is different from the latter in its function. In 
the cases of the patients who died of trauma, shock or acute infectious disease 
at the stage of alarm reaction, we find diffusely distributed changes in the outer 
layer of the fasciculata such as loss of lipid, swelling, cytolysis and vacuolization 
of cortical cells. By such simple stress the changes are limited in the fasciculata 
and the adult glomerulosa remains usually uninvolved. By chronic stimulation, 
however, a transition of zonal reaction takes place. The author pointed out that 
in cases with hyperplastic fasciculata such as diabetes or in some cases of Cushing's 
syndrome, eosinophilic cells with scanty lipid reach the superficial cortical layer. 
On the contrary, when diabetes is complicated by hypertension, the adult 
glomerulosa is enlarged with increased lipid. When a large dosis of predonisone 
or related steroid is administered, the fasciculata shows atrophy resulting in 
relative predominance of the adult glomerulosa. Excess insulin causes similar 
changes and excess potassium induces increase in width of the adult glomerulosa. 
Mutual transition between the adult glomerulosa and the fasciculata thus takes 
place according to different functional demands. But in the zonation of the 
adrenal cortex it is very practical to differentiate the two layers from one the 
other. 

The term zona glomerulosa adulta proposed by the author is qualified, 
because this layer becomes more conspicuous with advanced ages. The role of 
this layer in the course of the post-natal development of the adrenal cortex and 
its relation to the subcapsular fetal glomerulosa is still to be elucidated by 
investigations of the adrenals in childhood and youth*®).4)).42), The adrenal 
cortex of infants still retains the form of the permanent cortex and shows no 
distinct zonal border. In the first post-natal year the adult glomerulosa can be 
distinguished from the fetal glomerulosa only because the cells in the former are 
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Fig. 1. Development of each layer of the adrenal cortex by the network of 
the argyrophilic fiber. Senescence of this arehitecture was demonstrated in the 


author’s previous paper®®?. 
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relatively larger. However, the membraneous border composed of argyrophilic 
fibers is not yet established between the two layers except capillaries. The 
fasciculata is small and the reticularis is indistinct. Over 2 years of age, 
argyrophilic fibers appear between the fetal and adult glomerulosa running 
parallel to the capsule. Large cell masses in the adult glomerulosa are separated 
by bundles of thick argyrophilic fibers and the fasciculata gradually comes to 
exhibit distinct columnar arrangement. Over 4 years of age, the inner tip of the 
fasciculata assumes the shape of knob. Over 5 years of age the fetal glomerulosa 
is reduced to 2 or 3 cell layers with increased argyrophilic fibers accompanied by 
capillaries. While the adult glomerulosa remains unchanged in thickness, the 
fasciculata increases in width and columnar arrangement develops with the age. 
By the age of 8 to 9 years the reticularis is formed and the fundamental cortical 
structure is completed. Over 10 years of age the fetal glomerulosa decreases its 
thickness and well developed fibers often cause cell atrophy in this layer. The 
adult glomerulosa slightly increases in width, but the development of the fasciculata 
is the most prominent. Fig. 1 shows the development of each layer of the 
adrenal cortex with the advancement of age, in reference to the architecture of 
argyrophilic fibers. 

It is thus demonstrated that post-natal development of the adrenal cortex 
is mostly achieved by the evolution of the fasciculata. Until 4 to 5 years of age, 
when the fasciculata and the reticularis are not fully differentiated, the cortical 
width is practically made up by the adult glomerulosa. However, the cells of this 
layer in this period do not reveal sufficient functional differentiation and the 
-apillaries are still under-developed. Probably the layer is to be regarded as the 
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Fig. 2. The Atlas of aging of functional zonation of the adrenal cortex 
based on Rotter’s ‘“‘Lebenskurve der Nebennierenrinde’’. 
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germ layer of the fasciculata. On the other hand, the fetal glomerulosa becomes 
atrophic with the age hand in hand with increasing fibrosis. In the event 
of venous congestion or edema of retroperitoneal fat tissue, this layer is easily 
involved in the process, which accelerates the disappearance of constituent cells. 
The cells of the adrenal cortex are very susceptible to acute local circulatory 
disturbance or varying functional demand, and easily change their morphological 
features. But the fundamental architecture of argyrophilic fibers, shown in 
Fig. 1, is too stable to be influenced by acute or transient disorders. The model 
of cortical architecture of argyrophilic fibers, compiled on the basis of a large 
number of investigated adrenals, is therefore a valuable criterion in determining 
adrenocortical development. 

Over 40 years of age the fasciculata becomes narrower and the adult 
glomerulosa, together with reticularis, gradually increases in thickness, as describ- 
edabove. According to Stieve**), a part of cells of the glomerulosa becomes larger 
from inner to outer layer over 50 years of age, their cytoplasm stains poorly and 
is foamy in appearance and cell borders become accentuated. Over 70 years of 
age all the cells of the glomerulosa assume this form. He regards this as transfor- 
mation of the adult glomerulosa into the zona fasciculata. Against his opinion 
the author considers this as one of the functional manifestations of the adult 
glomerulosa, estimating the origin and functional meaning of such cells. While 
Rotter? succeeded the opinion of Stieve and developed his ‘“Lebenskurve der 
Nebennierenrinde,” the author proposed in Fig. 2 a new atlas of aging of the 
adrenal cortex in reference to functional zonation, comprising the adult 
glomerulosa. 


AGING PROCESS IN FUNCTIONAL ZONATION AND DISEASE 


The author has hitherto dealt mainly with the adult glomerulosa. In the 
following part of the report, aging process of the adrenal cortex, which chiefly 
takes place in the fasciculata, and its influence on the reactivity of the organism 
to acute infectious diseases or to other acute disorders are to be described. In the 
course of acute infectious diseases the adrenal cortex shows non-specific reactions 
due to the stress, accompanied by inflammatory changes in a wide meaning of the 
expression, and cortical cells exhibit various degenerative changes. Among acute 
infectious diseases, the severest cortical injury, resulting in acute adrenocortical 
insufficiency, called Waterhouse-Friderichsen syndrome, is caused by acute 
meningococcemia. In classical reports the description of the adrenal lesions 
was entirely confined to the typical massive adrenal hemorrhage. However, it 
gradually became apparent, that in many patients who died of purpura and 
collapse due to meningococcal septicemia, autopsy failed to show the anticipated 
adrenal lesions. Succeeding Rich’s excellent works*®’, Thomison et al.**) reported 


that all of the patients showing massive adrenal hemorrhage died within the first 
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24 hours, and most of the patients showing marked tubular degeneration with or 
without patchy hemorrhagic necrosis died within 72 hours. Many of the patients 
who survived the first 72 hours, showed only minimal lesions in the adrenals. 

The author studied the adrenals of 9 cases of meningococcal septicemia and 
compared them with the adrenals of 21 diphtheria cases. The changes due to 
diphtheria mainly consisted in coagulation necrosis and degeneration of the cor- 
tical cells with dissociation of cell cords. These lesions were severe and extensive 
in the patients of oropharynx type, especially in those who died on the 4th to 
6th days of the disease. They lack such findings as massive hemorrhage, 
hemorrhagic necrosis and severe cytolysis, usually found in the adrenals in 
meningococcal septicemia. In accordance with Thomison et al.‘*) the author 
could also confirm high susceptibility of children to diphtheria. The changes in 
actue meningococcal septicemia were dissimilar by age and by the day of disease. 
In child cases, massive hemorrhage was severe in the patients who died within 
48 hours, especially extensive in the cases aged below 3 years. In the patients 
aged over 4 years, developmental disturbance of the cortical architecture was 
found as a basis of cortical lesions. In the cases died after the third day of the 
disease, localized necrotic foci appeared scattered about. In the cases of youth, 
this picture began to appear on the second day of the disease. 

Rich? described a peculiar type of adrenocortical damage associated 
with acute infection, which he referred to as tubular degeneration. The meningo- 
coccemia is the classic exmaple for the cause of such cortical damage, but the 
changes will be found in some other severe septicemia. He attributed this 
to the possible relation to cireulatory collapse. 

In Ekiri we find an infantile disease associated with acute circulatory collapse, 
in which death occurs within a very short time. The disease follows often acute 
colitis caused by dysentery infection or by some other pathogens, or by other 
acute infection without colitis. The disease is rather frequently seen in Japan. 
There is an extensive work of Suwa*”) on the pathological anatomy of Ekiri, in 
which various organ changes due to arterial constriction are summarized. 
We studied the histopathology of the adrenals of 123 Ekiri cases. In the adrenals 
the most prominent changes were found in the cortex. When the organ was 
severely damaged there were massive or localized hemorrhage, dissociation of cell 
cords with coagulation necrosis of cortical cells, and tubular degeneration of the 
superficial layer with eventual involvement of inner layers. These findings were 
quite similar to those found in the adrenals in acute meningococcal septicemia. 
Such cortical injury is called by us coagulation reaction. On the other hand, 
cortical cells sometimes show swelling of cytoplasm, cytolysis and tubular forma- 
tion, but do not exhibit coagulation necrosis or massive hemorrhage at all. The 
change of this type is called by the author swelling reaction. Cortical reactions 
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TaBLE IV. Main Histopathological Findings of the Adrenal 
Cortex in Ekiri and Japanese Encephalitis 





Japanese 


Ekiri (%) encephalitis (%) 


Colitis 
Total number 98 25 15 

Pseudoluminar fomation 75 (77) 13 (54) 2 (1.3) 
Hemorrhage 56 (57) 3 (12) 

Coagulation reaction 70 (71) 7 (28) 1 (7) 
Swelling reaction 27 (28) 17 (68) 9 (60) 
Uncertain reaction 2 (2) 4 (27) 
Developmental 78 (79) 13 (54) 1 (7) 


disturbance 


TaBLeE V. Survival Day(s) and the Reaction Type of Cortical Cells 








Day(s) of Survival 


= — Number 
teaction Type ai Cints —= 
sd 1 | 2 | 3-5) 6- 
| ! 
Coagulation reaction 78 40 28 | 8 | 2 
Ekiri Swelling reaction 46 15 8 | 1 /| 8 
| | 
Uncertain 2 : ££} 4 
Coagulation reaction | a | 
apanese ‘ : ' | 
Japanese _ .. | Swelling reaction 10 | 10 
encephalitis |” | 
Uncertain 4 | 4 


TaBLe VI. Age of the Patients of Ekiri and the Reaction 
Type of Cortical Cells 





Age-> 0 12 3 4 5 67-10 11- |Total 


| 
Swelling ll é@?@8686t ¢ 4 | 46 
Ekiri Coagulation 491310 815 ll 8 | 78 
Uncertain l l og 
Swelling E@4tit 2 1 10 
Japanese ar ae 
encephalitis Coagulation I l 
Uncertain 2 l 1 4 


of this type are commonly observed in cases of Japanese encephalitis and some 
other infectious diseases. In general, Ekiri without colitis usually showed the 
swelling reaction. On the contrary, the cases with colitis had usually coagula- 


tion reaction, and the degree of reaction increased in parallel with the grade of 
colitis (Table IV). When the patients died within the first 48 hours, the 
majority of them had coagulation reaction, and in cases which died after the 
third day of the disease the swelling reaction was the regular findings (Table V). 
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The swelling reaction is more frequently seen under 2 years of age. From 2 to 
5 years of age, in which period Ekiri has its highest incidence rate, both reaction 
types are seen in equal frequency; and over 6 years the coagulation reaction 
predominates over the swelling reaction in frequency (Table V1). 

The oldest case was that of a 26 years old male which had pluriglandular 
hypoplasia due to pituitary hypoplasia. Though not so extreme as in this case, 
the adrenal cortex in Ekiri often exhibits histological hypoplasia and dysplasia 
with increasing intensity in older children. In such cases the reaction is usually 
the coagulation type, frequently associated with hemorrhage. 

Schwarz**) studied 5 cases of adrenal hemorrhage in meningococcal septicemia 
and described that in the cases of minimal lesions in the adrenal cortex, definite 
hyperplasia of the thymus and hypoplasia of the adrenals occurred, which was 
interpreted as the explanation of the seriousness of the syndrome. However, 
he described only that the thickness of the gland was much reduced for the evidence 
of hypoplasia. We demonstrated coagulation reaction with frequent associa- 
tion of hemorrhage in the adrenal cortex, not only in acute meningococcal 
sepeticemia, but also in Ekiri, when the patients died within a few days due to 
collapse, and in elderly patients marked cortical hypoplasia as the background of 
the total lesions. The reaction of the adrenal to acute infectious disease or some 
other stress is mainly represented by that of the outer fasciculata. Until 3 to 4 
years of age, this layer is not only narrow, but functionally only insufficiently 
differentiated. If excessive functional demands to the cortex or severe cortical 
injuries are caused by acute infection, the adrenal cortex can not respond to them 
with sufficient reaction and easily falls in exhaustion, inducing the death of the 
patient due to collapse in a short time. The coagulation reaction of the adrenal 
corresponds with this course of disease. It is only natural, that the majority 
of cases with cortical hypoplasia belongs to this group. On the other hand, in 
cases with well developed adrenals, especially in elderly children, the adrenal 
cortex develops a patent reaction of the type of swelling reaction. In such cases 
the patients survive the stage of collapse and die of some other eventual complica- 
tions such as pneumonia, only after the lapse of considerable time. The swelling 
reaction has much in common with cortical reactions of the adult to infectious 
diseases and, though dissociation and hemorrhage do not belong to the 
histological picture, is often associated with scattered foci of cytolysis and tubular 
formation, as a sign of secondary exhaustion. 

Furthermore, the author*®) studied the adrenals of the cases of the youth and 
adult, whose death had suddenly occurred with symptoms of collapse due to 
unknown or trivial stress or acute infectious diseases, which normally would not 
have killed the patients. The adrenal cortex was generally thin and hypo-or 


dysplastic, while the medulla showed normal development. Small foci of 











380 N. Sasano 


coagulation necrosis, dissociation of cells, hemorrhage, swelling or vacuolization 
of the cortical cells, but no severe lesions such as massive hemorrhage were found 
histologically. 

In senile patients who died within the first 24 hours of meningococcal 
septicemia or acute enteritis, the zona fasciculata exhibited zonal necrosis with 
vacuolization of the cells and cytolysis. Contrary to well developed adult 
glomerulosa and reticularis, the fasciculata is extremely diminished in width in 
advanced ages. The reacting zone to acute infection is thus minimized. 
Consequently, the cells of the fasciculata easily fall in secondary exhaustion and 
the patients die of collapse. The adults with so-called secondary aldosteronism 
generally have also the same deviation in cortical reactions®?, 

The relation between shock or collapse and acute adrenocortical insufficiency 
is not yet fully clarified. But the author could at least demonstrate, that patients 
died of collapse usually exhibited primary or secondary exhaustion of the adrenal 
cortex, and the zona fasciculata which participated as the first of all cortical 
zones in the reaction against various stresses was underdeveloped or reduced. It 
is thus clear, that modifications in functional zonation in the course of aging 
play an important part in the reactivity of the orgamism. 

CONCLUSION 

Applying the theory of functional zonation to the histopathology of human 
adrenals, the author reported the existence of the zona glomerulosa adulta in 
human adrenal cortex, and its aldosterone production and secretion. Hyperplasia 
and adenoma of this zone found in aldosteronism could be histologically distin- 
guishable from those found in Cushing’s and adrenogenital syndrome. They also 
could likewise be demonostrated in essential hypertension. The author interpret- 
ed the latter case as an excessive manifestation of physiological senescence of the 
adrenal cortex. 

The author investigated functional zonation of the adrenal cortex in reference 
to aging process of the individuals through the entire lifetime. In children and 
senile persons, whose fasciculata, the primary reaction zone to the stress, was 
physiologically narrow, the adrenal cortex was easily subjected to the primary 
or secondary exhaustion and the patients died of collapse. The author could 
clarify the significance of eventual cortical dysplasia of the youth and the adult 
in the sense of premature senescence, and its important role in preparing unfavour- 
able conditions, which were otherwise only found in children and senile persons. 
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Figi 3 a: A cortical adenoma surgically resected from a patient of primary aldostero- 
nism (Case 2). 

b: <A cortical adenoma of Conn’s disease (Case 3). Cells of the adenoma have 
usually characteristic lipid containing pale-stained cytoplasm. Hematoxylin and eosin 
stain. 


ce: Secondary aldosteronism of essential hypertension (Case 6). Hyperplasia 
of the outer layer of the cortex. Note the pale-stained cells sometimes with giant nuclei. 
Hematoxylin and eosin stain. 


d: Secondary aldosteronism of Kimmelstiel- Wilson disease (Case 5). Hyperplasia 
of lipid containing pale-stained cells located in the superficial cortical layers. Marked 
atherosclerosis of the capsular arteries and atrophy of the subcapsular layer. Hemato- 
xylin and eosin stain. 

e: Diffuse cortical hyperplasia of a Cushing disease from a surgical specimen 
(Case 11). Marked hyperplasia of the zona fasciculata. The outer layer is composed 
of hyperplastic pale-stained cells. The inner layer contains atrophied and degenerated 
cells, remaining giant nuclei. These findings correspond with regression of the disease. 


Hematoxylin and eosin stain. 


f: Adenomatous hyperplasia of Cushing syndrome (Case 9). Several small nodules 
consist of various types of cortical cells. Hematoxylin and eosin stain. 
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Fig. 4 a: An adenoma of Cushing syndrome (Case 7). The adenoma is mainly com- 
posed of rather small, lipid containing cells, with glomerulo-fascicular arrangement. Some 
portions show proliferation of fuchsinophilic hypertrophied cells poor in lipids. Hema- 
toxylin and eosin stain. 

b: Anadenoma of Cushing syndrome (Case 8). The adenoma is composed of 
various types of cortical cells. Hematoxylin and eosin stain. 

ce: <A portion of adenomatous hyperplasia of Cushing syndrome (Case 10). Note 
myeloid tissue within an adenomatous focus of the hypertrophied cells. Hematoxylin 
and eosin stain. 


d: An adenoma with adrenogenital syndrome (Case 14). The cells of the adenoma 
have abundant fuchsinophilic lipid-poor cytoplasm and densely stained nuclei. Formation 


of myeloid tissue is observed. Hematoxylin and eosin stain. 
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Fig. 5 a: Portion of adenomatous hyperplasia in the adrenal cortex in case of essential 
hypertension, aged 59. Hematoxylin and eosin stain. 


b: Adenomatous hyperplasia with essential character of the superficial cortical 
layers. A 68 years old male with essential hypertension. Hematoxylin and eosin stain. 


ec: Fresh focal hemorrhage covering the entire cortical thickness. A 35 years 
old male with malignant nephrosclerosis. Hematoxylin and eosin stain. 


d: Marked atherosclerosis of a capsular artery and focal atrophy and fibrosis of 
the adrenal cortex. Nodular hyperplasia is seen on both sides. A 54 years old male with 
essential hypertension. Elastica and Masson’s trichrome stain. 


e: The widened fasciculata with foci of clear cells. The width of the reticularis 
is also increased. A 21 years old female with chronic glomerulonephritis. Hematoxylin 
and eosin stain. 

f: The adult glomerulosa increased its width and showed hyperplasia in the 
prolonged course of chronic glomerulonephritis. Note the narrowed fasciculata. A 32 


years old female. Hematoxylin and eosin stain. 
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Fig. 6 : Architecture of the cortex with argyrophilic fibers seen in age 2(a, b) and 


4 (c, d). 


a: <A control case died of Japanese encephalitis on the 5th day from the onset of 
the disease. Superficial arches encircle cell-masses of the adult glomerulosa. 

b: The framework of the reticularis is bizarre. A case of Ekiri died on the first 
day of illness. The entire cortex is narrow, and the fetal cortex remained thick. Dif- 


ferentiation of the adult glomerulosa and the fasciculata is poor. 


ec: <A control case died of Japanese encephalitis on the 5th day of illness. Club 
shaped adult glomerulosa and inner tip of the fasciculata. 


d: <A case of Ekiri died of 21 hours duration. Thickened fibers in the superficial 
layer. Fine branches of the argyrophilic fibers are remained. Club shaped formation 
does not develop. 
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Fig. 7: Architecture of the cortex with argyrophilic fibers seen in age 6 (a, b) and 
9 (ec, d). 

a: <A control case died of Japanese encephalitis on the 5th day of illness. The 
fetal glomerulosa is finely divided. The adult glomerulosa is elongated and the fasciculata 
increases in width. 

b: <A case of Ekiri died on the second day of illness. The fetal glomerulosa is 
thick and fibrotic. The narrowed adult glomerulosa and fasciculata with irregular fine 
branches of argyrophilic fibers. 

ce: <A control case died of Japanese encephalitis on the 5th day of illness. The 
adult glomerulosa is divided finely. The fasciculata is well developed. The reticularis 


is further differentiated. 


d: <A case of Ekiri died on the second day of illness. The cortex shows markedly 
poor differentiation. The larger portion of this picture is represented by the medulla. 
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Fig. 8 a: <A case of acute meningococcal septicemia with marked cortical hypoplasia. 
Coagulation of the cortical cells is marked. A 4 years and 2 months old female, died on 
the second day of illness. Masson’s trichrome stain. 

b: Diffuse and extensive necrosis with scattered foci of hemorrhage in the entire 
cortex. A 5 years and 9 months old male died of pharyngeal diphtheria on the 4th day 


of illness. Hematoxylin and eosin stain. 


ce: Pseudoluminal formation seen in outer and inner tips of the cortex. A 1 year 
and 10 months old male died of Ekiri on the second day of illness. Hematoxylin and eosin 
stain. 

d: Marked pseudoluminal formation in the superficial cortical layers. A 2 
years and 2 months old male died of Ekiri of 26 hours duration. Hematoxylin ond eosin 
stain. 


of acute me- 





e: Extensive diffuse hemorrhage of the adrenal cortex in a case 


ningococcal septicemia. A 1 year and 3 months old male. Hematoxylin and eosin stain. 
f: Coagulative change of the cortex with hemorrhage in the inner layers. A 5 
years and 6 months old male died of acute meningococcal septicemia on the 3rd day of 


illenss. Hematoxylin and eosin stain. 
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Fig. 9 a: The coagulation reaction in Ekiri with marked cortical hypoplasia. The cells 
of the narrowed fasciculata are dissociated. A 5 years and 5 months old male died of 
30 hours duration. Masson’s trichrome stain. 


b: Normal developed cortex seen in a case of Japanese encephalitis, 4 years and 
9 months old female died on the 4th day of illness. Masson's trichrome stain. 
ce: The coagulation reaction in Ekiri. 


The cells are atrophied and dissociated. 
A 16 years old male died of 26 hours duration. 


Hematoxylin and eosin stain. 
d: The swelling reaction in Ekiri. 


The cells are uniformy swollen and vacuoli- 
zation is seen in the fasciculata. 


A 16 years old female died on the 3rd day of illness. 


Hematoxylin and eosin stain. 
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Fig. 10 a: Diffuse swelling of the outer layer of the fasciculata with marked tubular 
changes. A 22 years old male died of meningococcus septicemia on the 11th day of illness. 
Hematoxylin and eosin stain. 


b: A 63 years old female died of acute meningococcus septicemia of 12 hours 
duration. Hypertrophy of the adult glomerulosa due to physiolosical senescence. In 
between the inner and middle third is a reactive change of coagulation necrosis and cytoly- 
sis. Hematoxylin and eosin stain. 


ec: The same case of acute meningococcal septicemia in old age. The reactive 
change seen in the inner layer of the cortex by way of cytolysis and tubular change. 
Masson’s trichrome stain. 


d: A 38 years old male with essential hypertension died of acute suppurative 
meningitis. The adult glomerulosa is relatively thick as is the fetal glomerulosa. Con- 


sequently the layer of the reaction against the acute infection is narrowed and lies in the 
deeper cortex. Hematoxylin and eosin stain. 
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Some Observations Concerning the End-Plate Potential 
By 
Yutaka Oomura and Tadao Tomita 
Department of Physiology, Faculty of Medicine, 
Kyushu University, Fukuoka 


(Received for publication, November 20, 1960) 


According to general knowledge, the process of neuromuscular transmission 
‘an be described by the following scheme: nerve impulse-acetylcholine (ACh)- 
end-plate potential (e.p.p.)-muscle impulse-contraction. The e.p.p. has been 
analysed in detail by Fatt & Katz (1951), who assumed that the active phase of 
the neuromuscular transmission is a brief impulsive event lasting only a few 
msec, and that the decline of the e.p.p. is determined by the electrical properties 
of the resting muscle membrane. Furthermore they proposed that the end-plate 
membrane would be converted momentarily by ACh into a short-circuit of the 
membrane potential of the muscle fiber, in other words, that the action of ACh 
would produce a relatively non-selective increase of ion flux, which drives the 
junctional membrane potential toward an equilibrium potential near zero (Fatt 
& Katz, 1951), or — 10 to — 20 mV (Castillo & Katz, 1954b). 

The active phase, that is, the time course of change of a shunting resistance 
at the end-plate region of the muscle membrane can be measured by application 
of the so-called voltage-clamp method (Hodgkin, Huxley & Katz, 1952; Tasaki 
& Hagiwara, 1957; Hagiwara & Tasaki, 1958) and was actually demonstrated 
by Takeuchi & Takeuchi (1958, 1959) and Oomura & Tomita (1958). 

The equilibrium potential for the e.p.p. which would be expected from the 
short-circuit theory and produced by the non-selective ion flux at the membrane 
can be shifted by changing the ionic composition of the surrounding fluid. It was 
found by the authors that the direction of the e.p.p. was reversed due to shift of 
the equilibrium potential by replacement of Ringer fluid with sodium-lack sucrose 
solution. 

In the present paper, experiments are described in which the behavior of the 
end-plate region was studied using the voltage-clamp method and various 
experimental solutions. It was hoped that these experiments would produce 
additional knowledge on the production of the e.p.p. and of the reversed e.p.p. 
which has a great similarity to the inhibitory synaptic potential. 
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Some Observations Concerning the End-Plate Potential 


METHODS 


Sartorius frog muscles (Rana nigromaculata) were removed with a 3-4 cm 
nerve attached and put into a lucite-chamber filled with saline. The nerve was 
lifted out of the bath and kept in fixed position on the stimulating electrodes ; 
shocks of supramaximal strength were applied. The muscle was immobilized by 
application of 1-2 10-*g/ml d-tubocurarine chloride (Abbott). 

Two microelectrodes, of the Ling & Gerard type (1949), were inserted into 
the end-plate regions of the muscle, one for passing current through the membrane 
and the other for recording potential (Fig. 1). Superficial fibers of the muscle 
were explored with the recording electrode until the e.p.p. was obtained at a 
focal point in response to nerve stimulation. The current electrode was then 
inserted, usually within 50 , of the recording electrode. The microelectrode had 


a resistance usually of from 15 to 30 M2. 
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Fig. 1. Arrangement for measuring current and potential 
across the end-plate region of the muscle membrane with two 
preamplifier, I: differential 




















intracellular microelectrodes. V, : 
d.c. amplifier with input cathode followers for current record- 
ing, R: 200 K2, Cal. : calibrator, Stim. : square pulse generator, 
Dif. Amp.: differential input amplifier (modified from Tektronix 
type 122) for voltage-clamp experiment, S: switch, positioned 
at 1 for voltage-clamp experiment, at 2 for applying square 
pulse current to the muscle fiber. 


The first stage of a balanced d.c. preamplifier designed by the authors was 
cathode follower type of low grid current (2x10-!2A), and a positive feed-back 
voltage was applied at the input to correct for the loss in high frequency response. 
This results in good frequency response (d.c. to 100 KC) and a gain of 20 times in 


amplification. For the voltage-clamp experiment, a negative feed-back amplifier 
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system (a differential amplifier of Tektronix type 122 with a gain of approximately 
1000 times) was connected between the two electrodes as shown in Fig. 1 so as to 
keep the membrane potential at a desired level (switch S was positioned at 1). 
When switch S was positioned at 2, the feed-back circuit was opened and the 
polarizing current was fed into the current electrode from a pulse generator. The 
current was recorded at R(usually 200K2) with a balanced d. c. amplifier and 
sometimes at a low resistance (5 K2) connected between the indifferent electrode 
and the ground. 

The bath solution was usually either Ringer (composition: 112 mM-NaCl, 
2.0mM-KCl, 1.8mM-CaCl,, 2.4mM-NaHCO,) or sucrose-Ringer (NaCl being 
replaced by 212 mM-sucrose without NaHCO,, the other components being 
unchanged), or saline mixtures in which Cl ions in Ringer solution were replaced 
fully by NO, or SO, or partly by I ions. Most experiments were carried out at 
room temperature 10-15°C in winter and 25-27°C in summer. 


RESULTS 


A. Relation between the e.p.p. and the end-plate current (e.p.c.) under the 
voltage-clamp condition 


When square pulses of outward or inward current were sent into the membrane 
through the current electrode inserted in the end-plate region close to the record- 
ing electrode, the membrane potentials shifted towards either the depolarization 
or hyperpolarization and the amplitude of the e.p.p.’s was altered. As shown in 
Fig. 4 and Fig. 6 not only the relationship between the membrane potential and the 
current flowing through the membrane, but also the relationship between the 
e.p.p. size and the current were almost linear. This indicates that the applied 
current can flow uniformly within a limited area of the end-plate region, and that 
one can apply the voltage-clamp technique to a limited area of the end-plate 
region. 

To keep the membrane potential at the resting level during the neuromuscular 
transmission, the current must be passed through the end-plate membrane by the 
negative feed-back system. , This current is henceforth called the end-plate 
current, e.p.c. The e.p.c. is, in other words, the current sent into the membrane 
through the electrode inserted in the end-plate region during the transmission 
when the membrane potential is kept at the resting level by means of the voltage- 
clamp method. 

Fig. 2A shows the e.p.p. obtained from the curarized muscle without the 
feed-back system operating and Fig. 2B (upper tracing) shows the e.p.c. using 
the feed-back system. ‘There were characteristic differences in the time course 
between the e.p.p. and the e.p.c.; the former had a half rising and half fall-, 
ing time of 0.78 msec and 9.5 msec respectively, whereas the latter had half 








ris 
we 
res 


ple 


rec 
a 
the 


eq! 


an 


Tres 
fro 
tra 

















Some Observations Concerning the End-Plate Potential 





Fig. 2. A: e.p.p. at the focal point in curarized muscle. 
B: e.p.c. (upper beam) at the same region as A when the mem- 
brane potential is kept at the resting level (lower oscilloscope 
trace). Temperature 15°C. Calibrations: for voltage 10 mV, 
for current 4x10-°A. Time: 5 msec. Resting potential, 85 mV. 


rising and half falling time of 0.45 msec and 3.2 msec. The e.p.p. and the e.p.c. 
were observed rising to a peak of 13 mV in 2.7 msec and 5.7 10-8A in 1.3 msec 
respectively. As already shown by Fatt & Katz (1951) a maximum of the end- 
plate charge which may indicate a peak of the active phase was reached at 1.5-2 
msec, and the hump of the characteristic feature of the muscle action potential, 
recorded at the end-plate region by indirect stimulation was reached within 
1.3-2 msec. The rising time to the peak of the e.p.c. was almost comparable to 
the two values indicated by Fatt & Katz (1951). 

The rising and falling curve of the e.p.c. can be expressed by the following 


equations : 
A + SO Et eR (1) 
and rr? ae OF Ga inc osinsiccinceees Saeuaieamied (2) 


respectively. A is peak value, 7' is rising time and a is a constant determined 
from the curve of the falling phase. From the equations it is assumed that the 
transmitter substance liberated from the nerve ending reached to receptor pro- 
teins by means of simple diffusion and were destoryed by the enzymatic action. 
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The time course of reaction of the transmitter substance with the end-plate 
was studied by application of anticholinesterases or of sodium deficient solution 
by several investigators (Eccles, Katz & Kuffler, 1942 ; Katz, 1948 : Eccles & Mac- 
Farlane, 1949 ; Fatt & Katz, 1951 ; Castillo & Katz, 1955a). It was of interest to 
compare the time course of the e.p.p. with that of the e.p.c. in various amplitudes 
under the influence of various concentrations of curarine. The reason is as follows : 
If it is assumed that th» e.p.p. may be produced by synchronous manner of the 
transmitter from the so-called quantum units (Castillo & Katz, 1954a) and that 
each transmitter may react in the same time course, then the rising and falling time 
of the e.p.c. in various amplitudes would almost be the same. 
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Fig. 3. Relationship between the e.p.p. (right) and the e.p.c. (left) in 
the curarized muscle. The magnitude of the e.p.p. was reduced by 
further application of curarine. The smaller the e.p.p.’s become, the 
rising and falling times to one-half become shorter and to make clear 
the time course between large and small e.p.p.’s, the ordinate is scaled to 
the same maximum as shown by dotted line. The e.p.c.’s have the same 
rising time to reach their peaks. 


Fig. 3 shows a typical example of these experiments. The rising times to 
the peak in various intensities of the e.p.c. are almost the same, but in the falling 
phase the smaller the e.p.c.’s become, the half falling time becomes slightly shorter. 
(It was assumed that the time constant of the muscle membrane was not affected 
and a fixed amount of the transmitter was liberated during the experimental condi- 
tion.) To make clear the time course between large and small e.p.p.’s the ordinates 
have been scaled to the same maximum as shown by dotted lines in e.p.p.’s. From 


these experimental results, it became clear that the above assumption is the case. 
The relationship between the magnitude of the e.p.p.’s and the intensity of 
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the e.p.c.’s is shown in Fig. 7. Under usual experimental conditions the 
larger the amplitude of the e.p.p’s, the intensity of the e.p.c.’s became larger and 
their relation was almost linear. However, for the larger e.p.p. the magnitude of 
the e.p.c. should become much larger, since the e.p.c. should be infinity (shunting 
resistance becomes zero) when the e.p.p. reaches the zero membrane potential. 

When the membrane potentials under the clamped condition were shifted at 
various constant levels for 200 msec and indirect stimulations were applied, the 
4 relationships between the membrane currents and the e.p.c.’s were obtained. 
When the membrane potential was shifted to hyperpolarization, an inward directed 
current appeared, preceded by a short capacitative surge, and it soon reached 
a final steady value (at a certain depolarized level, the current directed oppositely). 
The relationship between the steady currents and the shifted membrane voltages 
throughout depalarization and hyperpolarization was almost linear in many 
cases, and the calculated value of the effective resistance of the resting membrane 
from this relation was 200-600K2. The amplitude of the e.p.c. in the hyperpolari- 
zation became larger compared with that at the resting level (smaller in depolariza- 
tion). The peak amplitudes of the e.p.c. could be plotted against various 
clamped voltages. 

A straight line connecting the plotted points could be drawn in many cases 
and crossed the abscissa where the membrane potential was —10 to— 30 mV. 
This may indicate that the equilibrium potential for the e.p.p. was number of mV 
under zero (Castillo & Katz, 1954b), and that the minimum value of the shunting 
resistance calculated from the tangent of this relation was 600K2 to 2 M2 under 


curarized condition. 
B. Reversed e.p.p. due to the application of sodium deficient Ringer solution 


It was found by the authors that the amplitude of the e.p.p. became smaller 
but did not disappear and the direction of the e.p.p. was reversed when Ringer 
solution was replaced with sucrose-Ringer solution, and soon returned to normal 
by application of Ringer solution. This phenomenon did not happen in all 
muscles, but tended to take place in muscles with low resting potentials. One 
factor for this irregularity may be the great variability of Na content in the 
muscle (Simon, Shaw, Bennett & Muller, 1957). The time course of the reversed 
e.p.p. was not so altered. Nerve conduction was not affected by Na-lack solution, 
possibly because the perineural barriers might protect the nerve from the effect 
of Na-lack. 

The magnitude of the reversed e.p.p. was increased by depolarization of the 
membrane potential and decreased by hyperpolarization, and this was directly 
opposite to cases of the normal e.p.p. (Fig. 4A). The relationships between 
membrane potentials and the reversed e.p.p. are shown in Fig. 4B. The rectifica- 
tion of the membrane by out-ward currents disappeared in this case and the 
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Fig. 4. A: reversed e.p.p. in Na-lack sucrose Ringer solution. 1, at the 
resting potential; 2-4, at various membrane potential levels at depolarization; 
5-8 at hyperpolarization. Upper beams show applied currents (in 7 and 8, 
lower beam) and lower beams membrane potentials (in 7 and 8, upper beams). 
The magnitudes of the reversed e.p.p. become larger at depolarization and 
smaller at hyperpolarization. Calibrations : solid bar, 10mV; dotted line, 
5x10-8A; horizontal bar, 100 msec. 
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Fig. 4. B: relationship between the membrane potential and the reversed 
e.p.p.’s. Ordinate is the potential shift (O indicates the resting potential) by the 
applied current plotted on abscissa. Inward current is negative. Empty circles 
in Ringer solution and filled ones in Na-lack sucrose Ringer solution. Perpen- 
dicular bars show the magnitude of the reversed e.p.p.’s at various membrane 
potential. The reversed e.p.p. is again reversed at dotted line which indicates 
the equilibrium potential for the reversed e.p.p. In this case the equilibrium 
potential is located at hyperpolarized level by-11 mV from the resting potential. 
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effective resting membrane resistance increased by about double in sucrose-Ringer 
solution. 

The resting potential was usually lowered by 10 to 20mV. Magnitudes of 
the reversed e.p.p’s are indicated by lengths of perpendicular bars. When 
inward current intensity was further increased (at dotted line) the reversed e.p.p. 
was again reversed so that the direction of the e.p.p. become normal. As already 
mentioned, the shunting resistance of the membrane potential produced by the 
neuromuscular transmission means an increase in the non-selective ion flux at the 
end-plate region, thus in Na-free solution the equilibrium potential should shift 
to somewhere near the resting potential (Castillo & Katz, 1955b). In this case 
the amplitude of the reversed e.p.p. became zero at -11 mV from the resting 
potential. That is, the equilibrium potential was located by -11 mV from the 
resting potential at hyperpolarized level. In other experiments of Na-lack NO, 
or Na-lack SO, solution, the equilibrium potential came near the resting potential 
(see Fig. 10). Thus the reversed e.p.p. could be also obtained in Na-lack SO, 
solution. 

When the membrane potential was clamped at the resting level in Na-lack 
Ringer solution, the reversed e.p.c. was recorded. 


C. Effects of nitrate, sulphate and other anions on the e.p.p. and the e.p.c. 


As mentioned above, sucrose-Ringer solution affected the end-plate region. 
In connection with this, influences of the various anions substituted for Cl ions of 
Ringer solution were observed on the end-plate region. These anions had a 
considerable effect on increasing the mechanical response of the muscle to stimula- 
tion (Kahn & Sandow, 1950: Hill & Macpherson, 1954; Ritchie, 1954), and on 
increasing the time constant and the resistance of muscle membrane (Padsha, 
1957: Hutter & Padsha, 1959). On the other hand, these anions had little 
effect on cation movement in resting muscles (Edwards, Harris & Nishie, 1957), 
but slowed Cl ion movement (Harris, 1958). The resting potential measured was 
almost insensitive to the nature of the external anion as reported by other in- 
vestigators (Harris & Martins-Ferreira, 1955 ; Lubin, 1957 ; Hodgkin & Horowiez, 
1959). 

When Cl ions in Ringer solution were replaced partly or fully with NO, or SO, 
ions the membrane resistance measured at the resting state increased as shown in 
Fig. 5. There was a linear relationship between the resistance increase and the 
concentration of the anions. In this figure the resistance in SO, solution does not 
increase as compared with that in NO, solution, but in other cases it can be said 
that the resistance increased by about twice in both NO, and SQ, cases by a full 
replacement of Cl ions. 

The anion such as NO;, SO, and I had a decurarizing action on the end-plate 


region, i.e., the curarized muscle moved by nerve stimulation. The magnitude of 
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Fig. 5. Membrane resistance (left ordinate and solid line) and magni- 
tude of the e.p.p. (right ordinate and dotted line) plotted against Cl ions 
concentration. Cl ions replaced by NO, or SO, ions. Membrane resis- 
tance becomes larger with the decrease of Cl ions concentration and magni- 
tude of the e.p.p. becomes larger with the increase of NO, ions and then 
in many cases decreases at higher concentration. In SO, solution the 
magnitude of the e.p.p. becomes smaller. 


the e.p.p. in NO, solution became larger with the increase of concentration of 
NO, and in many cases decreased at a very higher concentration of NO;, while 
the sensitivity for applied ACh on the end-plate region remained unaltered. This 
decrease was not explicable but one factor might be injury of the membrane caused 
by movement of the muscle. On the other hand the relationship between the 
magnitude of the e.p.p. and ‘the concentration became opposite in SO,. These mat- 
ters are summarized also in Fig. 5. The relationships between the magnitude of the 
e.p.p.’s and the membrane potentials are plotted in Fig. 6. The equilibrium 
potentials for the e.p.p. were not shifted so much in NO, solution, and were about 
-20 mV of the membrane potential. When sucrose-NO, solution was applied to 
the muscle the equilibrium potential was shifted toward the resting potential 
which was lowered by about 20 mV from the value when NO, solution was used. 
This was expected from the results of Na-lack experiment. 

In NO, and SO, solutions, the membrane resistance in the resting state in- 
creased. If one can assume that the time course of temporal change of the 
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Fig. 6. Relationship between the magnitude of the e.p.p. and the membrane 
potential. Zero indicates the resting potential level (in NO, the resting potential 
-80 mV). Straight lines on the peak amplitude of the e.p.p.’s cross the abscissa 
in Ringer and Cl deficient solutions at the about same values of the membrane 
potential. The equilibrium potential for the e.p.p. shifted to depolarization by 
+10 mV from the resting potential in sucrose (the new resting potential in this 
solution (about 20 mV reduced) is indicated also at zero). 
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Fig. 7. Relationship between the magnitude of e.p.p.’s and intensity of the 
e.p.c.’s in Ringer, sucrose-Ringer and NO, solution in the same fiber. Magnitudes 
of the e.p.p.’s are altered by rate of concentration of sucrose and NO, in the 
solution. The magnitude of the e.p.p. in NO, is much larger compared with 
that in Ringer solution at the same intensity of the e.p.c. Thus the enlargement 
of the magnitude of the e.p.p. in NO, solution is due tothe increase of the 
membrane resistance though the changing rate of the shunting resistance is not 
altered. 
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shunting resistance produced by the transmitter action would not alter in both 
the normal and Cl-lack solutions, the magnitude of the e.p.p. should be expected 
to become larger in NO, solution. The assumption can be proved when the 
intensities of the e.p.c.’s are measured in both NO, and Ringer solutions. The 
relationships between the magnitude of the e.p.p.’s and intensity of the e.p.c.’s 
in Ringer, sucrose-Ringer and NO, solutions are plotted in Fig. 7. Magnitudes 
of the e.p.p.’s were altered by the rate of the concentrations of sucrose and NO, 
in the solution. It is quite clear from the figure that the magnitude of the 
e.p.p. in NO, solution is much larger compared with that in Ringer solution at the 
same intensity of the e.p.c. Thus it can be said that the enlargement of the 
e.p.p. in NO, solution was due to the increase of the membrane resistance though 
the rate of change of the shunting resistance was not altered. 

In SO, solution, as mentioned above, the magnitude of the e.p.p. became 
rather small in spite of the increase of the membrane resistance. SO, ions have 
a strong precipitating action on Ca ions. The movement of the muscle fiber by 
an indirect stimulation was rather violent in SO, solution. These two factors 
might tend to make the e.p.p. small, and further SO, ions might have a specific 
action on the e.p.p. production. 

DISCUSSION 

Because the membrane potential is kept at the resting level by means of the 

voltage-clamp technique, the current produced by the neuromuscular transmis- 


sion flows through only the shunting resistance in the end-plate region. If the 
current would flow through the membrane resistance or capacitance, the membrane 
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Fig. 8. A: electrical equivalent circuit diagram representing the end-plate 
membrane and circuit under the voltage-clamp condition. E: resting potential 
(80 mV), Rm: resistance across the resting membrane (200 K2), C: membrane 
capacitance (0.1 .F), RmxC is 20 msec, Rs: shunting resistance (changed 
from the infinity to a certain extent). 
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Fig. 8. B: circuit diagram of an analog computor for calculation of the 
differential equation (6). Inserted figure shows change of Rs with the time 
course as same as that of the e.p.c. 
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potential would shift from the resting level. If the equilibrium potential is 
zero, and the time course of the e.p.c. expresses change in the shunting resistance, 
it is clear that the product of the intensity of the e.p.c. multiplied by the value 
of the shunting resistance will be the value of the resting potential. In order to 
prove the above conclusion, it is necessary to determine whether changes in 
the membrane potential similar to the e.p.p. can be produced in the membrane 
by using the same e.p.c. time course and altering the shunting resistance. 

To prove the problem an electrically equivalent circuit representing the 
end-plate membrane was used for the end-plate region (Fig. 8A). In Fig. 8A, 
E is the membrane potential, Rm is the membrane resistance and C is the capacity 
respectively, and Rs is a shunting resistance of the membrane. V, is the voltage 
produced across Rs, and other symbols are the same as those in Fig. 1. Using the 
following differential equations, the change of Vz, the computed e.p.p., was 
calculated using an analog computor (Fig. 8B). 


E = (Ic +Ir) Rn+ Vr coer ere error eee eee eee resesesesese (3) 
l 7, =2¥eR (4 
al aA SR EEEEEEEEEEEEEEEESESSOOEOOOeoeeS (4) 
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Fig. 9. A, B and C: e.p.c.’s (upper trace) and computed e.p.p.’s (lower 
curves). In these cases 7' and a in equation (2) are 0.52 msec and 1.18 in A, 0.52 
msec and 0.5 in B and 1.5 msec and 0.5 in C respectively. Rs changes from the 
infinity to 200 K@ in the larger e.p.c. and to 500 K2 inthe smaller one. The 
magnitude of the computed e.p.p.’s becomes larger in order A, B and C, i.e., this 
indicates that the longer the time course of the e.p.c. becomes, the magnitude of 
the e.p.p. becomes larger. Ordinate in D shows the voltage calibration. D: 
relationship between the magnitude of the computed e.p.p.’s and the intensity of 
the e.p.c.’s Line A, B, and C indicate the relationship in cases of A, B and C 
respectively. 


Duriug the experiments the value of R was changed from infinity to certain other 
values similar to those mentioned in the Results A. 

Curves in Fig. 9 represent the computed e.p.p.’s obtained by use of the 
analog computor when values obtained by the experments were substitued for E, Rm 
and C in the equations. The time course of the computed e.p.p.’s under various 
conditions was similar to that of the natural e.p.p.’s The values of 7’ and a in 
the equation (2) were 0.52 msec and 1.18 in the summer at 27°C and 1.5 msec and 
0.5 in the winter at 15°C respectively. As shown in Fig. 9A, B and C, the rising 
time to the peak in the computed e.p.p. was much larger than that in the e.p.c. 
and the magnitude of the former was much smaller than that expected from the 
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retio of R,, and Rs, because 7' and the falling time of the e.p.c. was much shorter 
than the membrane time constant (R,,<C=20msec.). Furthermore, the 
amplitude of the computed e.p.p. using the time course of the e.p.c. obtained from 
the muscle fiber in the winter (Fig. 9C) was larger than that in the summer 
(Fig. 9A), i.e., the amplitude of the computed e.p.p. depends on the time course 
of the e.p.c. under the same membrane time constant. When the rate of change of 
Rs was reduced to one third without change in the time course (i.e., the values 
of 7 and a in (1) were not altered) the magnitude of the computed e.p.p.’s was 
altered without changing the time course. It was clear that the times for 
rising and falling to one-half were almost the same in both the large and the small 
€.p.p.’s. 

From the electrical circuit diagram illustrating the end-plate membrane 
(Fig. 8A), the reason for the increase of the amplitude of the e.p.p.’sisconsidered is to 
be one or combination of the following reasons : 1) the increase of FZ, 2) the decrease 
of the minimal value of Rs, 3) prolongation of the time course of Rs and 4) the 
increase of R,,. The increase of the magnitude of the e.p.p. by the action of 
anticholinesterase is due to the decrease of the minimal value of Rs and the 
prolongation of the time course of Rs. The increase of the e.p.p. by hyperpolariza- 
tion of the membrane is due to the increase of E. The increase of the e.p.p. in 
the case of replacement of Cl ions in Ringer solution with NO, or SO, is due to 
the increase of R.,,. 

The effect of Na ions on the neuromuscular transmission was studied by 
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Fig. 10. Schematically summarized diagram of the relation between the 
resting potential and the equilibrium potential (shaded band) in Ringer and 
Na-lack sucrose Ringer solution. In Na-lack sucrose Ringer solution the equi- 
librium potential shifts near to the normal resting potential and the membrane 
potential goes up over the new equilibrium potential. Thus the e.p.p. reverses 
in sucrose Ringer solution. 
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Fatt & Katz (1952). They found that lowering the concentration of Na ions to 
one-quarter diminished the magnitude of the e.p.p. to less than one-third, and 
came to the conclusion that there was a close relationship between Na ions and 
the release of ACh. Furthermore Castillo & Katz (1955b) demonstrated the 
continuous activity of the miniature e.p.p.’s in K,SO, solution, and the reversal 
of ACh potential in sucrose-Ringer solution. It is considered that even in Na- 
lack solution, ACh is released from the nerve terminal and reacts with the receptor 
protein, producing an increase of other ion flux with the exception of Na ions. 

The mechanism for producing the reversed e.p.p. is shown schematically 
in Fig. 10. By application of Na-lack Ringer solution, the equilibrium potential 
(indicated by a shaded band) which was —20 to -30 mV of the membrane potential 
in normal Ringer solution, shifted near to the normal resting potential level. 
Also the new resting potential was above the new equilibrium potential. Thus 
the e.p.p. in normal Ringer solution was reversed in Na-lack solution as shown 
in the figure. The direction of the e.p.p. might vary depending upon whether 
the resting potential of the particular fibers was above or below the equilibrium 
potential. 
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Fig. 11. Schematic diagram of the production of the reversed e.p.p. and 
e.p.c. Right hand circuit is for the voltage-clamp experiment as shown in Fig. 1. 
Symbols as in Fig. 8A. The larger equilibrium potential than the resting poten- 
tial, is put in series with Rs. The reversed e.p.p. is quite analogous to the inhibi- 
tory postsynaptic potential of other tissues, thus the reversed e.p.c. may be also 
analogous to the inhibitory synaptic current. 
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The usual mechanism for producing the e.p.p. by using a shunting resistance 
across the membrane potential cannot be simply applied for the reversed e.p.p. 
and the reversed e.p.c. An equilibrium potential larger than the resting potential, 
as shown in Fig. 11, should be put in series with Rs. The reversed e.p.p. is 
analogous to the inhibitory postsynaptic potential of the spinal motoneuron or 
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other tissue (Brock, Coombs & Eccles, 1952: Fatt & Katz 1953: Kuffler & 
Eyzaguirre, 1955; Eccles, 1957). Thus the reversed e.p.c. under the voltage- 
clamp condition also might be analogous to the inhibitory synaptic current if it 


were recorded. 


SUMMARY 


1) The property of the motor end-plate was studied by recording the end- 
plate potential (e.p.p.) and the end-plate current (e.p.c.) by means of the in- 
tracellular microelectrode method and by measuring the equilibrium potential 
for the e.p.p. in Na-lack and Cl-lack (Cl ions are replaced with NO;, SO, and I 
ions) Ringer solution. The e.p.c. measured by the voltage-clamp method in the 
end-plate region is the current required to keep the membrane potential at the 
resting level during the neuromuscular transmission and represents the temporal 
change of the shunting resistance across the membrane potential. 

2) The time course of the e.p.c. when compared with that of the e.p.p. 
showed a characteristic difference. Experiments were made to prove whether 
a potential similar to the e.p.p. can be reconstructed at the membrane if the 
shunting resistance is changed according to the time course of the e.p.c. The 
calculations were made using an analog computor on an electrically equivalent 
circuit of the end-plate region. The time course of the computed e.p.p.’s under 
various conditions were similar to that of the natural e.p.p.’s. The relation- 
ship between the magnitude of the e.p.p. and the intensity of the e.p.c., and the 
time course between them under various curarine concentration were discussed. 

3) When the membrane potentials under the clamped condition were shifted 
at various levels for 200 msec and indirect stimulations were applied the relation- 
ships between the membrane currents at the e.p.c.’s were obtained. The 
effective resistance of the resting membrane calculated from those relationship 
was 200-600K2. A straight line connecting the peak amplitude of the e.p.c.’s 
plotted against various clamped voltages of the membrane crossed the abscissa 
at 50 to 80 mV, while the resting potential was usually -70 to-90 mV. Thus the 
equilibrium potential for the e.p.p. was -10 to -30 mV of the membrane potential, 
and the minimum value of the shunting resistance across the membrane potential 
in the end-plate region, calculated from the tangents formed by these relation- 
ships, was 600K2 to 2M2 under minimum curarized conditions. 

4) When the external Na ions were replaced by sucrose-Ringer solution, 
the e.p.p. and the e.p.c. were sometimes reversed. The equiliblium potential 
in Na-lack solution shifted near to the normal resting potential and the resting 
potential went up towards zero by 20 to 30mV. The mechanism for the produc- 
tion of the reversed e.p.p. and the reversed e.p.c. were discussed from these two 
potential levels, and it was concluded that the same mechanism produces 












414 Y. Oomura and T. Tomita 


the inhibitory synaptic potential obitaned from other tissues. 

5) The effects of various anions, such as NO,, SO, and I, on the e.p.p. and 
the e.p.c. were investigated. The resistance of the resting membrane was in- 
creased by about twice by full replacement of Ringer solution with Cl-lack 
solution. The amplitude of the e.p.p. was enlarged by NO, but not by SO,. 

From the relationships between the magnitude of the e.p.p.’s and the in- 
tensity of e.p.c.’s in sucrose and NO, solution, it was clear that the amplitude 
of e.p.p. in NO, increased without an increase of the intensity of the e.p.c. Thus 
the increase of the e.p.p. in NO, solution is due to the resistance increase of the 


resting membrane. 
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